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ABSTRACT
Study of the Coniacian Tocito Sandstone, one of the shale-encased, shallow 
marine sandstone complexes in the Cretaceous Western Interior Basin, indicates that 
transport of coarse sediment to distal marine locations was accomplished by an increase 
in the efficiency of the marine dispersal system (tidal currents). Enhanced tidal currents 
were a consequence of bathymetric variations formed by uplifts along the pre-existing 
Four Comers Lineament system.
The Tocito Sandstone forms an entirely marine, progradational-transgressive 
sequence and overlies an unconformity localized along uplifted submarine highs. The 
lower progradational strata represent the marine portion of a tide-dominated delta that 
prograded into a tectonically-created "embayment", and include prodelta facies at the 
base and the deposits of subtidal dunes and tidal channels at the top. The upper 
transgressive facies overlie a tectonically-enhanced transgressive erosion surface and 
contain the deposits of shelf sand ridges and dune fields.
Comparison to a progradational-transgressive sequence driven by "regional" sea 
level fluctuations (Gallup Sandstone) reveals differences between progradations resulting 
from regional sea level fall and those resulting from local tectonic movements. The 
Gallup Sandstone shows an early aggradational phase (highstand) followed by a strongly 
progradational phase associated with a seaward shift of the subaerial shoreline and fluvial 
incision (sequence boundary and falling sea level systems tract) and finally a late 
aggradational phase (late lowstand). Progradations resulting from regional sea level fall 
are associated with a seaward shift in the shoreline, similar lithologies above and below 
the sequence boundary, and an unconformable sequence boundary in updip locations 
changing to a conformity in prodelta facies. Progradations resulting from intrabasinal 
tectonism (Tocito Sandstone) need not affect the position of the subaerial shoreline, 
display unconformities localized on tectonic highs, and may contain a higher proportion 
of feldspars and lithic fragments .
Intrabasinal tectonics can enhance the marine dispersal system and allow for 
progradation of high-energy, coarse-grained deposits far into the marine environment. 
This mechanism provides an alternative to that of regional sea level fluctuations as a 
method for emplacing coarse sediments in distal marine environments.
xiv
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CHAPTER 1: INTRODUCTION
The study of seismic reflection profiles (seismic stratigraphy) along modem 
continental margins has led to major advances in the science of stratigraphy (Brown and 
Fischer, 1977; Mitchum, 1977; Vail et al., 1977; Vail and Todd, 1981; Vail et al., 1984). 
Such profiles make regional stratigraphic cross sections that illustrate the geometries of 
stratal packages possible. Integration of sedimentologic data from wireline logs and cores 
(i.e., facies analyses) with geometric data reveals the distribution of facies within these 
stratal packages. These studies show that the stratigraphic record consists of repetitive 
sequences of strata (depositional sequences) bounded by unconformities formed during 
relative falls in sea level (refer to Van Wagoner et al., 1988; Posamentier and James, in 
press). Furthermore, these depositional sequences display a somewhat predictable and 
ordered internal facies distribution. This branch of stratigraphy is commonly referred to as 
sequence stratigraphy, and advances in this field have led to the reexamination of many 
previously described marine sedimentary successions. The principal goals of these studies 
have been to determine the temporal and spatial distribution of facies within individual 
depositional sequences and to compare these results to models developed from sequence 
stratigraphic principles. These studies emphasize shifts in sites of deposition and changes 
in sedimentary processes as a consequence of relative sea level changes.
WESTERN INTERIOR SEAWAY
Strata deposited in the Cretaceous Western Interior Seaway (Fig. 1.1) form an 
excellent data base for testing and formulating new stratigraphic concepts. The presence of 
extensive, gently dipping outcrops of shallow marine strata has led to the development of a 
detailed regional data base concerning these upper Cretaceous strata (biostratigraphy, facies 
relationships, paleogeography, etc.). The strata contain numerous transgressive-regressive 
sequences involving continental through distal marine facies (Kauffman, 1977).
The Cretaceous Western Interior Seaway, however, formed within a different 
tectonic setting from that envisioned in most sequence stratigraphic models. Most of the 
models (especially block diagrams presented in Posamentier et al., 1988 and Posamentier 
and Vail, 1988) illustrated in Wilgus et al. (1988), assume a passive margin subsidence 
regime in which subsidence rates increase toward the center of the basin and away from the 
basin margin. The effects of local, intrabasinal tectonic movements are not considered in 
these models. The Cretaceous Western Interior Basin is, at least in part, a foreland basin 
with subsidence rates increasing toward the thrust-loaded basin margin and therefore 
toward the sediment source and away from the basin's interior (Swift et al., 1985; Jordan
1
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Figure l.l. Map showing generalized paleogeography of Western Interior Seaway during 
Campanian time (from Gill and Cobban, 1973).
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and Flemings, 1991; Fig. 1.2). The interior of the basin is also the site of numerous fault 
systems related to fracture zones in the Precambrian basement (Maughan and Perry, 1986). 
These zones were reactivated throughout the Phanerozoic (Baars, 1966; Rice and Gautier, 
1983; Stevenson and Baars, 1986), including during the Late Cretaceous (Reynolds, 1976; 
Shurr, 1978, Weimer, 1980,1983, Rice, 1983; Rice and Gautier, 1983; Shurr and Rice, 
1986; Huffman and Taylor, 1991). These basement movements affected facies 
development during the Late Cretaceous (Weimer, 1980,1983). Study of these strata, 
therefore permits the development and testing of sequence stratigraphic models in a 
foreland basin subsidence regime with superimposed intrabasinal tectonism. Because these 
strata result from the interplay between both tectonic movement and eustasy, their study 
may shed insight on the differences between sedimentary cycles driven by regional 
(eustatic?) sea level changes and those driven by local tectonism.
Isolated Marine Sandbodies
One specific type of sandbody, within Cretaceous Western Interior strata, that has 
especially intrigued sequence stratigraphers are the long, linear, shore-parallel, marine 
sandbodies. These deposits are located as much as several hundred kilometers from 
preserved shoreline deposits and are entirely encased in marine shale (for reviews of their 
characteristics refer to Walker (1984) and Power (1988)). Because of their coarse grain 
size-, common association with a basal erosion surface, high-energy sedimentary structures 
and distance from preserved shorelines, these sandbodies are presumed to be potential 
candidates for preserving evidence for sea level fall. As discussed in Chapter 3, two of the 
three most popular models for generation of these sandbodies (detached lowstand 
shorefaces and incised valleys) invoke sea level falls for their formation.
Three general classes of solutions have been proposed for formation of these 
sandbodies. These models are more fully discussed in Chapter 3, however a brief 
introduction is provided here. One model suggests that the sandbodies formed as shelf 
deposits many miles from the existing shoreline. Modem analogs are shelf sand ridges 
(banks), presently forming on Holocene transgressive shelves (Off, 1963). The problem 
with this analogy is that modem transgressive shelf sand ridges overlie and truncate 
previously deposited continental and shoreline strata and are never fully encased in marine 
mudstones. Modern shelf sand ridges are derived from immediately underlying sediment, 
and do not require a significant distance of offshore transport of sand. A second model 
suggests that these sandbodies represent relict shorefaces deposited during sea level 
lowstand. During the subsequent transgression, the link to the highstand shoreline 
(distributary channels) was truncated, leaving behind an isolated (detached) shoreface 
encased in marine shale. One problem with this interpretation is that, in detail, the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4C O L O R A O OU T A H
B
-\r~
n n n r F N i r  W E S T E R N  W E S T - M E D I A N
B E I T  F O R E O E E P  T H O U G H
K A N S A S
A
E A S T - M E D I A N
H I N G E E A S T E R N  P L A T F O R M
I L L S  SS
m e s a v e r o e  G P
p3O00
- 2 0 0 0
-  1 0 0 0  
M E T E R S  
-  0
50 2 0 0
K i l o m e t e r s
m □
N O N - M A R I N E N E A R  S H O R E
C O A R S E  CL  A S T  l C S  ANO M A R I N E
S A N D S T O N E
M A R I N E
S h a l e
L I M E S T O N E
Figure 1.2. Subsidence patterns of Cretaceous Western Interior Seaway. A) Schematic 
model illustrating how thrust loading creates flexural downwarp (foreland basin). From 
Swift et al. (1985). B) Cross section through Cretaceous Western Interior Basin 
illustrating sediment thickness as a response to tectonic subsidence. From Kauffman 
(1977), modified from Armstrong (1968). C) Aptian through Coniacian subsidence pattern 
in Western Interior Basin, showing maximum thickness in foredeep adjacent to thrust belt. 
From Cross and Pilger (1978).
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sandbodies do not display the same facies as found in typical (wave-dominated) 
shorefaces. A second problem with this interpretation is that, in spite of several decades of 
detailed study, no link to the highstand shoreline has been found. This would seem to be a 
rather unusual case, given that the distributary channels feeding the lowstand shoreline 
would be incised to some depth and should be, at least locally, preserved beneath the 
transgressive erosional surface (see Belknap and Kraft, 1985). The third, and most recent, 
interpretation is that these sandbodies reflect (transgressive) estuarine fill of fluvial incised 
valleys (Jennette et al., 1991). There are numerous problems with this interpretation, the 
most significant one relates to a compete lack of fluvial facies and subaerial indicators along 
the entire length of the "incised valley".
THE TOCITO SANDSTONE
This study examines one of these marine sandbodies, specifically the Coniacian 
Tocito Sandstone, present in and around the San Juan Basin of northwestern New Mexico 
(Fig. 1.3). Although the Tocito Sandstone has been studied extensively over the past 
several decades, very little consensus has been reached concerning interpretations of its 
depositional origin. This includes both the basic lithostratigraphic and chronostratigraphic 
relationships between the Tocito Sandstone and adjacent units as well as the environments 
of deposition of Tocito sandbodies.
Stratigraphic Setting and Previous Interpretations
The Coniacian Tocito Sandstone forms a series of coarse-grained sandstone lentils 
located above and seaward of a major regressive succession (the Gallup Sandstone; refer to 
Chapter 2 for stratigraphic details). Early studies provided some contradictory stratigraphic 
interpretations concerning the Tocito Sandstone and surrounding strata (Bozanic, 1955; 
Tomkins, 1957; Sabins, 1963, 1972; Pentilla, 1964; McCubbin, 1969; Molenaar, 1973, 
1974, 1983b; Campbell, 1973,1979). These contrasting interpretations are summarized 
by Tillman (1985) and discussed in Chapter 2. Stratigraphic discrepancies concern: 1) 
whether the Tocito Sandstone is coeval with or entirely younger than the Gallup Sandstone, 
and 2) the nature and origin of the unconformity that is, at least locally, present beneath the 
Tocito Sandstone.
A second phase of studies concerning the Tocito Sandstone were begun in the late 
1980's by D. Nummedal and students at Louisiana State University (Nummedal et al., 
1986; Kofron, 1987; Nummedal and Swift, 1987; Bergsohn, 1988; Nummedal et al.,
1988; Nummedal et al., 1989; Nummedal, 1989; Riley and Nummedal, 1989 a, b; Riley 
and Nummedal, 1990). These studies addressed many sedimentologic details of the Tocito 
Sandstone and generally inferred the depositional setting as a series of transgressive shelf
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sandbodies. Nummedal and Riley (1991) and Riley and Nummedal (1992) interpret the 
Tocito Sandstone as a lower, progradational tide-dominated delta succession overlain by a 
series of transgressive tidal shelf sandbodies. Recently, Jennette et al. (1991) interpret the 
Tocito sandbodies as a series of incised valley fill deposits.
OBJECTIVES
The formulation of a depositional and stratigraphic model for the Tocito Sandstone 
is the ultimate objective of this study. Hopefully, this model will be applicable to other 
similar sandbodies in the Cretaceous Western Interior and in other foreland basins. The 
following specific objectives are addressed.
1) Determine the stratigraphic relationships between the Tocito Sandstone and 
adjacent strata. Particularly determine the nature of the pre-Tocito unconformity 
and the relationship between the Tocito Sandstone and shoreface facies of the 
Gallup Sandstone.
2) Define a stratigraphy for the Tocito Sandstone.
3) Determine environments of deposition of the Tocito Sandstone. Delineate facies 
within Tocito sandbodies and determine their distribution. Interpret processes 
responsible for deposition of individual facies (unidirectional currents, tidal 
currents, waves) through study of physical sedimentary structures. Interpret 
marine versus nonmarine and brackish (estuarine) environments through study of 
trace and body fossils, and authigenic minerals.
4) Determine the mechanism responsible for formation of the pre-Tocito 
unconformity (i.e., subaerial erosion (fluvial valley incision), lowstand marine 
erosion, transgressive marine erosion or submarine erosion of tectonic highs).
5) Determine the source of coarse sand in Tocito Sandstone. One of the problems 
with interpretations that rely on a transgressive origin, is an adequate explanation of 
the source of coarse elastics. No other stratigraphic unit in distal locations contains 
this grade of sediment Was the source through direct supply by a fluvial system or 
from transgressive erosion of previously deposited sediment? If from transgressive 
erosion, what was the ultimate source of the coarse sediment?
6) Through regional (primarily chronostratigraphic) correlations between the Tocito 
Sandstone and strata present farther basinward (distal) assess the relationship 
between deposition of the Tocito Sandstone and regional (basinwide) sea level.
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METHODOLOGY
Chapter 2 discusses previous stratigraphic interpretations of the Tocito Sandstone 
and then develops a lithostratigraphic and chronostratigraphic model for the Tocito 
Sandstone and surrounding strata. This model is based on the integration of measured 
outcrop sections, biostratigraphic data, and subsurface well logs. Chapter 3 discusses 
preexisting depositional models for the formation of these isolated sandbodies. Data from 
measured outcrop sections, photomosaics and shallow cores are then used to define and 
interpret Tocito facies. These data are then incorporated into the stratigraphic model 
outlined in Chapter 2 to develop a depositional model for the Tocito Sandstone. Chapter 4 
integrates the results of the stratigraphic and depositional analysis of the Tocito Sandstone 
with published regional data to provide for a regional stratigraphic and depositional 
framework for the Tocito Sandstone and adjacent strata.
Outcrop Data
Approximately 60 outcrop sections of the Tocito Sandstone were measured and 
described (Appendix A). Data include grain size, mineralogy, burrow types and 
percentages, nature of contacts, and sedimentary structures. Where possible, bedding 
contacts were traced in the field to determine stratal geometries. Ten additional sections 
were provided by C. M. Molenaar, USGS, Denver, CO and R. D. Cole, Unocal Science 
and Technology Center, Brea, CA.
Data from the measured sections form the basis for interpretations of environments 
of deposition for the Tocito Sandstone and adjacent strata. For this analysis closely spaced 
sections were measured at several locations. Photomosaics of outcrops provide control for 
bedding geometries and lateral facies changes. Typically, vertical cliff faces yield 
continuous exposures between closely spaced sections.
Biostratigraphic Data
Biostratigraphic data come from fossils collected as part of this study and 
previously published data. Fossils collected as part of this study were identified by W. A. 
Cobban, USGS, Denver, CO. These data were interpreted using biostratigraphic zonations 
of Kauffman et al. (in press).
Subsurface Data
Approximately 150 well logs were correlated and a number of these were used to 
develop four subsurface cross sections that help tie the outcrop stratigraphy into the 
subsurface. Subsurface cross sections are presented in Chapter 2.
Three shallow cores were taken through the Tocito Sandstone at the Hogback oil 
field. These core holes were logged by Schlumberger, Farmington, NM. Cores were 
slabbed, sampled and described at Unocal's Science and Technology Center. Core data are
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presented in Appendix B. The shallow cores at the Hogback Oil field provided information 
concerning small-scale bedding features and details of trace fossils. Well logs from the 
these core holes and outcrop gamma ray profiles (courtesy of R. D. Cole, Unocal Science 
and Technology Center, Brea, CA) were of great benefit in correlations from the outcrop 
belt to the subsurface.
Regional Data
Biostratigraphic and lithologic data from published measured sections from both 
proximal and basinward locations were used to generate regional sequence stratigraphic and 
chronostratigraphic sections from the San Juan Basin to the central portion of the Western 
Interior Basin (Pueblo, CO). These sections allow for the development of a regional 
stratigraphic model for late Turonian and Coniacian strata of the southern part of the 
Western Interior Basin.
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CHAPTER 2: STRATIGRAPHY OF LATE TURONIAN THROUGH 
CONIACIAN STRATA, SAN JUAN BASIN AND FOUR CORNERS
PLATFORM
INTRODUCTION
Upper Cretaceous strata deposited in the Western Interior basin provide numerous 
examples of transgressive-regressive clastic sequences. These sequences involve marine 
through fluvial facies and provide an excellent data base for testing stratigraphic and 
sedimentologic models. One of the more prominent of these sequences in the southern part 
of the Western Interior basin is represented by the upper Turonian through Coniacian 
Gallup Sandstone and the Coniacian Tocito Sandstone and Mulatto Tongue of the Mancos 
Shale (Fig. 2.1). The Gallup Sandstone represents a strandplain that prograded into 
present-day northwestern New Mexico from the southwest (Molenaar, 1983b; Fig. 2.2). 
The Tocito Sandstone lies paleo-seaward of and stratigraphically above the Gallup 
Sandstone (Fig. 2.1) and consists of a series of long, linear sandbodies that generally lie 
parallel to this Gallup shoreline (Figs. 2.1 and 2.3). Overlying the Tocito Sandstone is the 
Mulatto Tongue of the Mancos Shale, which records a major transgression resulting in 
excess of 100 km of landward shoreline translation (Molenaar, 1983 a, b; Figs. 2.1 and 
2.2). The Gallup Sandstone through Mulatto Tongue forms a major regressive - 
transgressive wedge, and there is little controversy concerning the environmental 
interpretations of either the Gallup Sandstone or the Mulatto Tongue (Molenaar, 1973, 
1974, 1983 a, b; Campbell, 1971, 1973,1979; McCubbin, 1982; Nummedal and Swift, 
1987; Nummedal et al., 1989; Nummedal, 1990). The Tocito Sandstone forms a series of 
marine sandbodies at the base of the Mulatto Shale, and interpretations of its origin remain 
very controversial (Bozanic, 1955; Tomkins, 1957; Sabins, 1963,1972; Pentilla, 1964; 
McCubbin, 1969; Molenaar, 1973,1974,1983 a; Campbell, 1973,1979; Tillman, 1985, 
Nummedal and Swift, 1987; Nummedal et al., 1988,1989; Nummedal, 1990; Jennette et 
al., 1991).
One controversy concerning the Tocito Sandstone is the stratigraphic relationship 
between the Tocito Sandstone and adjacent strata. Two basic questions have arisen; one 
concerns the precise lithostratigraphic and chronostratigraphic relationship between the 
Gallup and Tocito Sandstones, and the other relates to the presence or absence of a regional 
unconformity at the base of the Tocito Sandstone. For a detailed historical review of pre- 
1985 stratigraphic interpretations of the Tocito Sandstone refer to Tillman (1985).
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Sari
S |ii|a  Gunnison 
Durango
114 112
UTAH
COLORADOSP'
iRATONS 
1 BASIN-NE
Farmington i 
SAN JUAN 
^  BASINBLACK M E S A f t ^ w L '  
*  BASIN x
-  36'
i Gallup
Tucumcan; Grants!g  Ragstaff
juquerqua
ARIZONA
EW MEXICO
Tuscon
200 miles100
100 200 3 0 0  K ilometers
R2 = maximum seaward position of Gallup shoreline 
^  Upper Cretaceous outcrops
T3 = maximum landward position of Mulatto Tongue
tf0
f  Approximate location of figure 2.1
Figure 2.2. Regional location map. Map shows distribution of Cretaceous outcrops and 
position of San Juan Basin. R2 indicates the maximum seaward (northeastern) position of 
Gallup shoreface facies. T3 indicates the maximum landward position of the Mulatto 
Tongue. The cross section shown in figure 2.1 lies approximately along the dashed line. 
The area discussed in this text is near and seaward of R2. Modified from Molenaar 
(1983a).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
COLORADOUT R20W 9W  R1SW  R17W  R lfiW R n w  R12W  R11W  R10W  ROW
I Q  MILES
Horseshoe Oil 
Field
•Farmington
'H ogback
O ilfield
R 2
Bisti
(Oilfield"
s  '  O
Outcrops of Gallup and 
Tocito Sandstones
Subsurface Tocito 
Oil Fields
Figure 2.3. Map illustrating distribution of Gallup/Tocito outcrops and Tocito oil 
fields. Tocito oil fields are stratigraphic traps and define the geometry of Tocito 
sandbodies. Subsurface Tocito sandbodies roughly parallel the Gallup shoreline as 
defined by R2.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Previous Stratigraphic Interpretations
Early attempts to determine the stratigraphic relationships between the Gallup and 
Tocito Sandstones were based on correlation of Gallup Sandstone outcrops along the 
western flank of the San Juan basin to subsurface Tocito sandbodies (Fig. 2.3). The thin 
stratigraphic separation between the Tocito Sandstone and the Juana Lopez Member in 
basinal locations relative to the thick interval separating the Gallup Sandstone and the Juana 
Lopez Member updip (Fig. 2.1) led Bozanic (1955) to conclude that the Tocito Sandstone 
was stratigraphically below, and therefore older, than the Gallup Sandstone (Fig. 2.4). 
Subsequent studies have shown this interpretation to be wrong and have focused on the 
issue of whether or not the Tocito and Gallup Sandstones represent coeval deposition or 
whether the Tocito Sandstone entirely postdates the Gallup Sandstone.
Tomkins (1957) and Sabins (1963) both developed models for the Gallup and 
Tocito Sandstones based on subsurface analyses of the Bisti oil field (Fig. 2.3). They 
concluded that the Tocito Sandstone represents offshore bars contemporaneous with 
shoreline deposits of the Gallup Sandstone (Fig. 2.5). In their interpretations there is no 
unconformity separating the Gallup from the Tocito Sandstone. Pentilla (1964) combined 
subsurface study of the Horseshoe oil field (Fig. 2.3) with studies of Tocito outcrops and 
biostratigraphic data of Dane (1960), and suggested the presence of a major unconformity 
separating the Gallup and Tocito Sandstones (Fig. 2.6). Using a similar data set, 
McCubbin (1969) came to similar conclusions, and furthermore, suggested that Tocito 
sandbodies accumulated in strike-oriented valleys developed on the unconformity (Fig.
2.7). In McCubbin’s model, the topography on the unconformity was controlled primarily 
by the presence of local structural elements and the differential resistance of underlying 
strata to erosion. Through regional subsurface and outcrop correlations, Molenaar (1973, 
1983 b) also found evidence for a major regional unconformity at the base of the Tocito 
Sandstone (Fig. 2.1). He suggested that the unconformity was formed during a regional 
transgression, which was also associated with deposition of the Tocito sandbodies. 
Molenaar also identified structural features that locally enhanced this transgressive 
unconformity. Sabins (1972) compared the Bisti and Horseshoe oil fields and once again 
concluded that the Tocito sandbodies at the Bisti Field were offshore equivalents of the 
Gallup Sandstone. However, he did recognize the presence of an unconformity beneath 
the basal Tocito Sandstone at the Horseshoe oil field (Fig. 2.8).
Campbell (1973,1979) used measured outcrop sections and well logs from shallow 
core holes to develop a model in which the most seaward Tocito sandbodies were 
considered equivalent to the Gallup Sandstone. Campbell inferred that these Tocito 
sandbodies formed as offshore bars many miles from the Gallup shoreline (Fig. 2.9).
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Figure 2.4. Diagramatic model of Bozanic's (1955) interpretation of the Gallup/Tocito stratigraphy. This model is based upon 
the relative stratigraphic distance between the Tocito Sandstone and the Juana Lopez Member in the San Juan Basin and the 
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Figure 2.5. Stratigraphic model for the Tocito and Gallup Sandstones. In this interpretation, Tocito Sandstones represent 
offshore bars that are contemporaneous with Gallup shorefaces. No unconformity is interpreted beneath the Tocito Sandstone. 
The model was developed for the Bisti Oil Field (Fig. 2.3). After Sabins (1963).
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Figure 2.7. Formation of Tocito sandbodies as "strike-valley sandstones". Tocito sandbodies accumulated in valleys below 
erosional cuestas cut into pre-Tocito strata. The Tocito Sandstone is therefore interpreted to overlie a major unconformity. Model 
developed from study of the Tocito Sandstone at Horseshoe Oil Field. From McCubbin (1969).
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Figure 2.8. Stratigraphic model for Tocito and Gallup Sandstones. A significant unconformity is present beneath the Tocito 
Sandstone in the basinward direction (Horseshoe Oil Field). This unconformity is not recognized at the Bisti Oil Field and the 
interpretation is as in figure 2.5. Sabins termed the basal Tocito Sandstone at the Horseshoe Oil Field a post unconformity 
sandstone. Refer to figure 3.6 for locations. After Sabins (1972).
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Younger and more landward Tocito sandbodies were thought to overlie erosional scarps 
formed on top of the Gallup Sandstone. According to Campbell (1979) these erosional 
scarps formed during episodes of sea level fall during Gallup progradation. Tocito 
sandbodies accumulated on these scarps during the ensuing transgression. In Campbell’s 
model there is no single major unconformity separating the Gallup and Tocito Sandstones 
(Campbell, 1979), however, local disconformities are present at the base of each scarp. 
Nummedal et al. (1988) and Nummedal et al., (1989) proposed a model, based on 
Campbell’s correlations, in which the Tocito Sandstone formed as a series of transgressive 
shelf sand ridges between repeated Gallup progradations (Fig. 2.10). Nummedal and 
Swift (1987) and Nummedal (1990), also interpret the Tocito Sandstone as representing a 
series of transgressive shelf sand ridges, but forming during a major regional transgression 
that entirely postdates Gallup progradation. In this model the Tocito Sandstone is entirely 
younger than the Gallup Sandstone. Kofron (1987) and Bergsohn (1988) also proposed 
that the Tocito Sandstone represented a series of transgressive shelf sand ridges.
Data Base
Through use of measured outcrop sections, subsurface cross sections from the 
outcrop belt downdip to the San Juan Basin and biostratigraphic data this chapter serves to 
establish a stratigraphic framework for the Tocito Sandstone and surrounding strata. The 
results reconcile many of the previously described models and illustrate that some of the 
variations in Tocito stratigraphic models are probably a consequence of geographic location 
with respect to local tectonic features.
REGIONAL FRAMEWORK AND STRATIGRAPHIC UNITS
The San Juan Basin and surrounding regions preserves greater than 1500 meters of 
Upper Cretaceous strata that were deposited in the southern portion of the Western Interior 
Basin. During deposition of this Upper Cretaceous succession numerous shoreline 
regressions and transgressions along the western part of the San Juan Basin resulted in 
deposition of alternating marine and non-marine strata. The Gallup Sandstone represents 
one of the more prominent regressive sequences in this region and is followed by a major 
transgression and deposition of the Mulatto Tongue of the Mancos Shale (Molenaar,
1983b; Fig. 2.1). Following is a brief description of the stratigraphic units referred to 
within this study and associated with this regressive -transgressive sequence. Most of 
these units are shown on figure 2.1.
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Figure 2.10. Stratigraphic cross section of Gallup and Tocito Sandstones. This interpretation represents a modification of figure 
2.9. In this model Tocito sandbodies are interpreted as transgressive shelf sand ridges formed between repeated Gallup shoreface 
progradations. From Nummedal et al., (1988).
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Juana Lopez Member of the Mancos Shale
The Juana Lopez Member forms an excellent stratigraphic marker for subsurface 
and outcrop correlations and is critical in defining local structural movements. The Juana 
Lopez forms an approximately 30 meter thick coarsening-upward succession of 
fossiliferous, calcareous mudstones, siltstones, and fine-grained sandstones (Hook and 
Cobban, 1980). In subsurface the upper part of the Juana Lopez contains two or three 
characteristic resistivity zones which can be traced throughout the entire study area. The 
Juana Lopez is inferred to have been deposited on a shallow sea floor. The upper part of 
the Juana Lopez is interpreted as a downlap surface upon which the regressive Gallup 
wedge prograded (Nummedal, 1990).
Gallup Sandstone
The Gallup Sandstone contains six separate sandstone tongues, labeled (oldest to 
youngest) F through A (Molenaar, 1983b; Fig. 2.1), which overlie and interfinger (to the 
northeast) with marine shales of the Lower Mancos Shale. Maximum thickness for each 
tongue is on the order of 10 to 30 meters (from Figure 2.1; Molenaar, 1983b). Each 
sandstone tongue coarsens upward from burrowed sandstones at the base, through 
alternating burrowed and hummocky stratified sandstones, to trough crossbedded 
sandstones at the top (McCubbin, 1982; Nummedal, 1989; 1990). Landward, each tongue 
is overlain by carbonaceous shales, coals, ripple-bedded siltstones, and sandy channel- 
fills. Seaward, sandstone tongues are separated by marine shale. These tongues are 
interpreted as the products of northeast prograding, wave-dominated strandplains, and 
include shoreface, beach and continental deposits (McCubbin, 1982; Molenaar, 1973,
1974,1983 a, b; Nummedal, 1989; 1990). Successively younger sandstone tongues 
typically prograde farther basinward (Molenaar, 1983b), such that the Gallup Sandstone 
represents a major progradational succession composed of smaller-scale regressive 
sequences (Fig. 2.1). A portion of the intervening shales record minor shoreline 
transgressions in the overall regressive Gallup sequence (Nummedal, 1989).
Lower Mancos Shale
The upper part of the Lower Mancos Shale (above the Juana Lopez Member) 
consists of bioturbated muddy sandstones and sandy mudstones containing marine 
microfossils. This unit interfingers to the southwest with the Gallup Sandstone. Organic 
matter in these Lower Mancos shales is dominated by terrestrially-derived material (Pasley, 
1991). These data indicate that the majority of the upper part of the Lower Mancos Shale 
represents regressive shelf equivalents of the Gallup Sandstone (Molenaar, 1983b; 
Nummedal and Swift, 1987; Nummedal, 1990).
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Torrivio Member of the Crevasse Canyon Formation
The Torrivio Member is located at the top of the Gallup Sandstone and forms an 
approximately 10 to 20-meter-thick succession of coarse-grained, feldspathic sandstones 
overlying sharp, scoured bases (Molenaar, 1983b). Torrivio sandbodies are often 
observed to occupy sinuous channels and display lateral accnedon bedding (Molenaar, 
1977). Sedimentary structures are primarily trough cross stratification, which show 
predominantly northeastward-directed paleoflow. The Torrivio Member has been 
interpreted as a meandering, fluvial depositional system (Molenaar, 1977; 1983b).
Dilco Member of the Crevasse Canyon Formation
The Dilco Member consists of carbonaceous shales, ripple-bedded siltstones, thin 
coal beds, and sandy channel-fill sequences. Rooted horizons are present locally. The 
Dilco has been interpreted as the result of coastal plain deposition, including coastal plain 
streams, floodplains, marshes, lagoons, bay-head deltas, and distal washover fans 
(Nummedal, 1989).
Tocito Sandstone
The sedimentologic characteristics of the Tocito Sandstone will be addressed in 
greater detail in the following chapter, however, a brief description will be given here in 
order to contrast it with surrounding strata. The Tocito Sandstone consists of a series of 
medium- to coarse-grained sandstone lentils located seaward of, and above the regressive 
Gallup Sandstone (Molenaar, 1973,1983b; Pentilla, 1964; McCubbin, 1969). Tocito 
lentils are typically 30 km long, 3-10 km wide (Fig. 2.3) and 10-17 m thick. They are 
oriented parallel to the regional paleoshoreline as defined by both the seaward termination 
of shoreline facies of the underlying Gallup Sandstone and by the landward pinchout of the 
overlying Mulatto Tongue (Molenaar, 1983a,b; Figs. 2.1,2.2 and 2.3). Individual 
sandbodies are encased in marine shale, except that some of the most landward ones overlie 
truncated back-barrier and fluvial facies of the Torrivio and Dilco Members. The Tocito 
Sandstone is entirely marine as indicated by the presence of a diverse assemblage of marine 
body and trace fossils. The presence of phosphatic cements and nodules, and glauconite 
also suggests a marine environment. The Tocito has been interpreted in a variety of ways. 
Because of marine indicators and sandbody geometries, the favored interpretations have 
been as offshore bars or transgressive shelf sand ridges (see Tillman, 1985). Recently, 
Jennette et al. (1991) have interpreted the Tocito Sandstone as estuarine sandbodies within 
a complex of incised valley systems.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Mulatto Tongue of the Mancos Shale
The Mulatto Tongue overlies the Tocito Sandstone. At its base it consists of dark, 
laminated shales and rare, thin siltstone beds. Its fine-grained nature, abundance of marine 
foraminifera (Nummedal, written comm., 1990) and marine organic matter (Pasley et al., 
1990; Pasley, 1991) suggests that the basal part of the Mulatto Tongue represents 
deposition on a transgressive shelf. A few tens of meters above the base of the Mulatto 
Tongue is a calcareous, fossil-rich interval, locally referred to as the "Skelly zone". The 
Skelly zone is useful as a marker bed in local surface and subsurface correlations. 
Biostratigraphy
The chronostratigraphic framework for upper Turonian and Coniacian strata is 
based on marine megafossils collected from the previously described strata.
Biostratigraphic zonations are from Kauffman et al. (in press; Fig. 2.11).
The base of the Juana Lopez Member lies within the Prionocyclus macombi (Meek) 
ammonite zone (T-9 on figure 2.11), of early late Turonian age (Cobban, 1984). The top 
of the Juana Lopez becomes gradually younger basinward (Lamb, 1968) and extends into 
the Prionocyclus wyomingensis and Scaphites whilfieldi (Cobban) ammonite zones (zone 
T-10 on figure 2.11). The oldest Gallup tongue (F) is placed within lower part of zone T- 
10 because of the presence of Inoceramus perplexus (Whitfield) Lopha lugubris (Conrad) 
and Prionocyclus novimexicanus (Marcou) within the overlying Gallup E tongue (D. 
Nummedal, written comm., 1990). The youngest Gallup strata (Gallup A tongue) contain 
inoceramids and baculites of early Coniacian age (Cremnoceramus erectus (Meek), 
Molenaar, 1983b; Baculites yokoyamai (Tokunga and Shimizu), D. Nummedal and W.A. 
Cobban, oral comm. 1990), and are placed within zone CO-1 and the lower part of CO-2. 
Progradation of the Gallup Sandstone, therefore, extended from the middle late Turonian 
through the early Coniacian.
Numerous age diagnostic body fossils have been collected from the Tocito 
Sandstone. All indicate a Coniacian age and include early, middle, and late Coniacian 
species. The precise geographic and stratigraphic location of the various age diagnostic 
fossils within the Tocito will be addressed in the following section. Deposition of the 
Tocito Sandstone therefore extended throughout the entire Coniacian.
No age diagnostic fossils have been collected from any of the continental facies, 
either the Torrivio or Dilco Members. However, their stratigraphic position between the 
Gallup Sandstone and the Tocito Sandstone indicates a late Turonian through Coniacian age 
for these strata.
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Figure 2.11 Ranges of selected macrofossils discussed in text. Ranges define biostratigraphic zones. Modified from Kauffman 
et al. (in press). Also shown is position of stratigraphic units in San Juan Basin area.
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STRATIGRAPHY - OUTCROPS
A stratigraphic framework for the Tocito Sandstone has been established from 
outcrops along the western side of the San Juan Basin. Most of the outcrops included are 
located near, and just seaward of, the pinch-out of shoreface facies of the Gallup Sandstone 
(Fig. 2.3).
Previous usage of the term Tocito Sandstone Lentil, Tocito Sandstone, and basal 
Niobrara Sandstone applies only to the relatively coarse-grained sandstones found seaward 
of, and above the regressive Gallup Sandstone. Finer-grained lithologies interbedded with 
these Tocito lentils are considered Upper Mancos Shale. This terminology becomes 
somewhat confusing, especially with respect to the muddy sandstones and sandy 
mudstones interbedded and underlying the coarser grained facies. For these reasons, the 
term "Tocito interval" will be used here to include all strata from the lowest occurrence of 
Tocito lithologies (described below) to the top of the uppermost Tocito sandbody. 
Lithologic characteristics of the Tocito interval make it readily distinguished from both 
underlying and overlying strata.
Base of Tocito Interval
Many criteria may be used to determine the base of the Tocito interval; the most 
consistent lithologic characteristics are the presence of a medium-grained (350 - 500 
micron) sand population including rare 1 -2  mm quartz grains, and the presence of 
significant quantities of glauconite. At many locations, fine-grained (90 - 125 (im) 
sandstones of the Gallup Sandstone (A Tongue) underlie the Tocito interval, and the 
contact is obvious (Fig. 2.12). At other locations the Tocito interval overlies muddy 
sandstones of the Lower Mancos that are similar to basal Tocito lithologies (Fig. 2.12). A 
cursory hand lens examination reveals the large grains and glauconite, features that are both 
lacking in the Lower Mancos. These same features were noted by Sabins (1963, 1972) in 
cores at the Bisti oil field, and were used to separate the Gallup Sandstone from what he 
termed the "low SP zone" (Sabins, 1972, his figure 2.9), which is considered part of the 
Tocito interval in this study. The Torrivio Member is the only other stratigraphic unit 
proximal to the Tocito that contains a similar grain size population, all other units are finer- 
grained. The Torrivio, however, lacks glauconite and is primarily a fluvial deposit.
Pre- and Syn-Tocito Structural Elements
The presence of a tectonically elevated region in the northwest corner of New 
Mexico during deposition of the Tocito Sandstone was suggested by Dane (1960), Pentilla 
(1964) and Molenaar (1973; 1983b), based on the structural rise of the top of the Juana 
Lopez Member with respect to the base of the Tocito interval (Fig. 2.1). Through detailed 
subsurface mapping, McCubbin (1969) identified a northwest-southeast trending structural
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Figure 2.12. Base of Tocito interval. A) Base of Tocito interval where it overlies shelf 
sandstones of the Gallup Sandstone. Contact at arrow. Photo from SJR location (refer to 
Fig. 2.14). Note concretionary horizon (top of photo) in bioturbated muddy sandstones of 
Tocito Sandstone. B) Base of Tocito interval where it overlies the Lower Mancos Shale. 
Facies above and below contact are similar in appearance. The primary difference is that 
the Tocito interval contains coarse sand grains and glauconite. Photo from shallow core at 
HOF location.
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high just seaward of the termination of the Gallup Sandstone. A subcrop map of strata 
underlying the Tocito interval (Fig. 2.13) suggests that this high is formed by an 
asymmetric anticline, with a steeply dipping southwestern flank and a gentle northeastern 
flank (McCubbin, 1969). A southeasterly plunge is also indicated by the subcrop pattern, 
with the Tocito interval directly overlying the Juana Lopez Member along the crest to the 
northwest These structural relationships have been corroborated by recent subsurface 
investigations, including this study and subsurface mapping by Exxon Production 
Research (Jennette et al., 1991). Because of the presence of the Waterflow and South 
Waterflow oil fields on the crest of this anticline, it will be referred to as the Waterflow 
Anticline throughout this text
The Waterflow Anticline strongly influences Tocito stratigraphy and serves to 
separate the Tocito interval into three different settings. These are areas paleo-landward of 
the anticline (southwest), paleo-seaward of the anticline (northeast), and along the crest 
(Fig. 2.14) Each of these settings display different stratigraphic successions and will be 
discussed separately.
Landward of Anticline
Most exposures of the Tocito interval occur on the landward side of the Waterflow 
Anticline (Fig. 2.14). The Tocito interval in this area may be subdivided into two informal 
sandstone members. This subdivision is based on lithologic characteristics and an 
erosional surface at the base of the upper member. A measured section at the San Juan 
River location (Fig. 2.14) is used as a reference section to discuss Tocito stratigraphy in 
this area (Fig. 2.15).
Lower Sandstone Member
The lower sandstone member consists of fine and medium-grained, bioturbated, 
muddy sandstones at the base (unit 2) overlying a highly burrowed surface at the top of the 
Gallup Sandstone (unit 1). These bioturbated muddy sandstones contain abundant 
glauconite (<=5%), carbonaceous woody material, and calcareous concretion beds. 
Gradationally overlying the bioturbated muddy sandstones are medium to coarse-grained, 
highly glauconitic (10 - 20%), crossbedded sandstones (Units 3,4, and 5). At the top of 
the lower sandstone member there is a continuous bed of mudstone to muddy sandstone 
often containing disseminated phosphate nodules (unit 6, Fig. 2.15; Fig. 2.. 16). This bed 
is locally removed by an erosional surface at the base of the upper sandstone, in which case 
a lag of phosphate intraclasts is all that remains (Fig. 2.17B). The lower sandstone 
member at the Hogback oil field primarily consists of a channel-fill sandbody that locally 
truncates basal Tocito bioturbated muddy sandstones (Fig. 2.16B). These basal muddy 
sandstones overlie bioturbated muddy sandstones of the Lower Mancos Shale. Here the
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Figure 2.14. Location map showing outcrop sections and surface and subsurface cross 
sections. Also shown is crest of Waterflow Anticline outlined in figure 2.13.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I
U n it 8  §C
U n it 7  K 83h
U n it 6
fusasiz:;^ c ~
.^ V
9 ^ C v X ' "
U n it 5
U n it 4
U n it 3■ * ^ > 1
U n it 2  3
N S5 E
U n it I
Section SJR-4-90 "Snakeskin Canyon" 
N W SEN E, Sec. 28, T30N R18W
Unit 8: Pebbly crossbedded sandstone. Grain size ranges from 350 jam to I mm; 
averages 500 jim. Trace to 2% pebbles and inoceramid shell debris, trace 
glauconite. Most pebbles are phosphatic intraclasts. 15 to 25 cm thick crossbed 
sets alternate with heterolithic interbeds. Interbeds consist o f wavy to lenticular 
sandstone and mudstone bedsets. Patchy burrowing.
Unit 7: Crossbedded sandstones and heterolithic interbeds. Grain size ranges from 250 
to 700 jim. Trace to no glauconite. 50 to 75 cm thick tabular-tangential to trough 
crossbedded sets alternate with 5 cm thick heterolithic interbeds. Interbeds consist of 
wavy to lenticular sandstone and mudstone beds. Burrows sparse, primarily 
Ophiomorpha and Skolilhos. Interbeds more intensely burrowed than foresets. 
PaleocurTcnts to southeast.
Unit 6: Muddy sandstone. Grain size from 200 to 300 jam. 10% glauconite and rare 
phosphate clasts. Unit consists of continuous bioturbated muddy sandstone bed traceable 
throughout the outcrop belt.
Unit 5: Crossbedded sandstones and heterolithic intcrbcds. Grain size ranges from 250 to 
350 jim. 10% glauconite. 15 to 25 cm thick tabular-tangential crossbed sets alternate 
with heterolithic intcrbcds. Interbeds consist of thinly-bedded wavy and lenticular 
sandstones and mudstones. Intcrbeds are bottomsets and toesets o f overlying foresets.
U nit4: Crossbeddcd sandstone. Grain size ranges from 350 to 700 jam; averages 500 jim. 
10 - 15% glauconite and rare pebbles. Unit consists of a single tabular tangential crossbed 
set. Smaller dccimeter-scale crossbeds on main forcsets dip at oblique angle to master 
crossbedding. Palcocurrents to southeast. Sparse Ophiomorpha and Skolithos burrows.
Unit 3: Interbedded recessive muddy sandstones and resistant sandstones. Grain size ranges 
from 250 to 350 Jim. Alternating 10 to 50 cm thick, muddy bioturbated sandstone beds and 
20 to 50 cm burrowed sandstone beds displaying faint cross stratification. Crossbedded 
sandstones are approximately 50% burrowed and contain 10 to 20% glauconite. Palcocurrents 
to southeast. Burrowing increases upward in sandstone beds. Concretion bed at 15.2m 
overlies bioturbated top of sandstone bed. Burrows include Skolithos, Thalassinoides, and 
unidentified small cylindrical clay-lined burrows.
Unit 2: Bioturbated muddy sandstone. Grain size ranges from 90 jim to pebbles; averages 150 
jxm. Abundant 250 to 350 jim, and lesser 1 -2 mm sand grains dispersed in finer-grained 
matrix. Unit contains 5-10% glauconite, abundant coaly fragments, and rare phosphate 
pebbles. Unit is heavily bioturbated throughout with only faint traces of bedding. Concretion 
beds at 8.5 and 13.5 meters.
Unit 1: Interbedded sandstone and muddy sandstone. Grain size; 90-125 jam. Muddy 
bioturbated sandstone beds alternate with ripplcbedded, horizontally laminated, and 
hummocky cross-stratified sandstones. Primarily ripplcbedded at base with hummocky 
stratification more prevalent near top. Abundant carbonaceous material in muddy sandstones. 
Upper one meter is amalgamated hummocky bedded sandstone with wave rippled bedding 
planes. Wave ripple crests trend northwest-southeast. Upper surface is heavily burrowed and 
iimonite stained. Burrows include rare Ophiomorpha, and abundant unidentified small, 
cylindrical, horizontal burrows.
M e a su re d :
G.Riley, 7-90
Figure 2.15. Measured section SJR-4 from SJR location. Section discussed in text.
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Figure 2.16. Photographs illustrating muddy sandstone bed at top of lower sandstone 
member. This bed is present at all locations landward of the Waterflow Anticline. MSS = 
muddy sandstone, CFS = channel fill sandbody, BMS = bioturbated muddy sandstone, 
and USS=upper sandstone member. A) Muddy sandstone at top of lower sandstone 
member at SJR (unit 6, Fig. 2.15). Unit is continuous throughout the outcrop belt. B) 
Muddy sandstone over channel fill sandbody in lower sandstone member at HOF (refer to 
figure 2.14). Base of Tocito interval is approximately at the base of the exposure. 
Channel-fill sandbody locally truncates underlying bioturbated muddy sandstones.
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Figure 2.17. Photographs of upper sandstone member. A) Section at HOF. Jacob staff is 
1.5 m long. Equivalents to channel-fill sandbody (CFS) are thin at this location. B) 
Intraclast lag at base of upper sandstone member. Clasts are primarily reworked phosphate 
clasts and cemented sandstone clasts inferred to be derived from erosion of lower 
sandstone member.
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basal Tocito contact is not obvious (Fig. 2.12) and, as discussed previously, is identified 
by the sudden upward addition of coarse grains and glauconite. The channelized sandbody 
is overlain by the phosphatic muddy sandstone. The lower sandstone member at these 
locations is interpreted as the progradational fill of a marine embayment (see chapter 3). An 
early Coniacian age (CO-2, possibly to CO-3) is assigned to the lower sandstone member 
based on the presence of Cremnoceramus erectus (late form; E. G. Kauffman, written 
comm. 1991) in the channel-fill sandbody at the Hogback oil field.
Upper Sandstone Member
The upper sandstone member consists of medium and coarse-grained crossbedded 
sandstones (Fig. 2.17). There is a trace to a few percent glauconite at the base, but 
glauconite content decreases rapidly upward. The basal contact is an erosion surface, and 
often contains a lag of intraclasts (Fig. 2.17B). Intraclasts are most often phosphate clasts 
and cemented “burrow clasts” (Singh, 1985), derived from erosion of the lower member. 
The erosion surface is horizontal at the scale of outcrop continuity (several kilometers).
The upper sandstone varies in thickness, ranging from an individual crossbed set to 17 
meters. The top of the upper sandstone is characterized by abundant oysters (Pseudoperna 
congesta Say). This member is interpreted as a series of transgressive shelf sand ridges 
and sand waves overlying a regional transgressive erosion surface ( see Chapter 3). A 
middle through late? Coniacian age (CO-3? through CO-6) is indicated for this interval 
based upon the presence of Volviceramus involutus (Sowerby), Peroniceras westphalicum, 
and Platyceramus platinus (Logan) in the upper sandstone member at the Hogback oil 
field.
Stratigraphy
Figure 2.18 shows the updip to downdip stratigraphic relationships of the Tocito 
interval paleo-landward of the Waterflow Anticline. The base of the upper sandstone 
member is used as the horizontal datum in this cross section. Here the lower sandstone 
member overlies distal and proximal Gallup A tongue strata. The most updip outcrops 
included are located along Little Shiprock Wash (Fig. 2.14). At the Little Shiprock Wash 
section (Fig. 2.14) the lower sandstone overlies an intensely burrowed horizon developed 
in middle shoreface deposits of the Gallup Sandstone (Fig. 2.19).
Slightly farther updip (RSD in figure 2.14) a similar bioturbated horizon is 
truncated and overlain by a coarse-grained distributary channel of the Torrivio Member 
(Fig. 2.20; refer to chapter 3 for sedimentologic details). Here the lower sandstone 
member is much thinner and overlies the Torrivio Member (Fig. 2.20). The observation 
that the Torrivio Member and the lower sandstone member of the Tocito appear to be
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Figure 2.18. Updip to downdip cross section showing lower and upper sandstone members landward of anticline. Locations 
shown in figure 2.14. Cross section discussed in text. Note: horizontal scale change.
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Figure 2.19. Ohiomorpha burrows developed on middle shoreface deposits of the Gallup 
Sandstone. Note: sharp base (B) of shoreface sandstone. From near LSW location (Fig. 
2.14).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
NE sw
upper samlslone member
Bioturbated muddy 
sandstone bed
lower sandstone 
member
T 3
on
Torrivio Mbr. 
DMB
Transgressive surface"Burrow bed" mBioturbated horizon 
Marine regressive surfaceBasal Torrivio erosion surface
o t erosion
Initial transgressive surface
Figure 2.20. Cross section of strata at RSD location. The section shows isolated nature of Torrivio Member and erosional base. 
The Torrivio Member appears to truncate a transgressive surface at the top of the Gallup Sandstone and is overlain by the Tocito 
Sandstone. Lenticular Torrivio sandbody is interpreted as a mouth bar of a distributary that probably fed part of the lower 
sandstone member of the Tocito interval.
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stratigraphically above the same transgressive surface, the abrupt thinning of the lower 
sandstone member in the paleo-landward direction (Fig. 2.18) and the fact that the Torrivio 
Member and the Tocito interval both possess a much coarser grained sediment population 
than present in any other unit are felt to suggest that these units are regionally lateral 
equivalents. The thinning of the lower sandstone member in the paleo-landward direction 
is felt to be a result of a facies transition with the Tomvio Member. As presented in chapter 
3, sediments in the lower sandstone member are thought to have been supplied by Torrivio 
streams. Unfortunately, because of the lack of biostratigraphic data from the Torrivio 
Member and the fact that interfingering relationships between the Torrivio and Tocito 
interval have never been observed, this interpretation cannot be proven.
In the downdip direction, the lower sandstone member thickens toward the San 
Juan River location (Fig. 2.18) where it overlies inner-shelf facies of the Gallup (A) tongue 
(Figs. 2.12 and 2.15). A number of closely-spaced outcrop sections at this location (Fig. 
2.18) show that the lower sandstone member thins rapidly seaward (north-northeast) onto 
the steep, landward flank of the Waterflow Anticline (Fig. 2.14). This abrupt thinning 
suggests that some of the structural movement associated with uplift of the anticline 
occurred prior to, and/or concurrent with deposition of the lower sandstone member.
At the Hogback oil field the lower sandstone member is thinner and overlies the Lower 
Mancos Shale (Fig. 2.21). The lower sandstone member coarsens upward and locally 
contains a channel-fill sandbody. This area is also located near the steep landward flank of 
the anticline and likewise shows evidence for structural movement during Tocito 
deposition. The channel sandstone and the muddy sandstone (lower sandstone member) 
are truncated to the northeast by a horizontal erosion surface at the base of the upper 
sandstone member (Fig. 2.22). The angular discordance on this surface is 1.15°. This 
relationship between the upper and lower sandstone members indicates uplift along the 
Waterflow Anticline between deposition of the lower and upper sandstone members.
Crest of anticline
Outcrops along the crest of the Waterflow Anticline are present only in a narrow 
north-south band, and include sections from the Ram Horn Ridge (RHR) location to the 
Plunge Pool (PP; Fig. 2.14). The Tocito interval in this area consists of a single, thin 
sandstone overlying a sharp erosional base. It contains ripplebedded sandstones 
interbedded with laminated shales and lesser crossbedded sandstones (Fig. 2.23). A layer 
of Pseudoperna congesta (Say) oysters is present near the top of this sandstone. Locally, 
the basal erosion surface dips steeply to the northeast and is onlapped by the Tocito interval 
from that direction (Fig. 2.24).
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Figure 2.21. Correlation between the SJR and the HOF location. Correlation illustrates 
relatively thin nature of lower sandstone member at HOF and position of channel-fill 
sandbody near top of lower sandstone member. Continuous bed of phosphatic muddy 
sandstone caps the lower sandstone member. Section is hung from intraclast lag at base of 
upper sandstone member.
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Figure 2.22. Local north-south cross section at HOF location. Section shows a structural dip of the lower sandstone member of 
1.15° with respect to the overlying upper sandstone member.
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Figure 2.23. Photographs of Tocito outcrops on crest of Waterflow Anticline. A) The 
upper sandstone member consists primarily of interbedded rippled sandstones and 
laminated shales. Interval overlies a sharp erosional base containing phosphate pebbles 
(B). Photo from RHR location. B) Large rectangular block of Juana Lopez Member 
incorporated into base of Tocito Sandstone. Photo from PP location.
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Figure 2.24. Northeast-dipping truncation surface at base of Tocito Sandstone along crest 
of anticline. Surface truncates inner shelf facies of the Gallup Sandstone. A) At SSC 
location just south of figure 2.25. B) Steeply dipping erosion surface at NSJR-8.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2.25 shows a north-south cross-section through this area. The base of the 
Tocito interval is used as a horizontal datum except where erosional relief is documented 
(Fig. 2.24; between NSJR-4 and NSJR-5). The Juana Lopez Member is plotted with 
respect to the base of the Tocito interval (note vertical scale differences). This section 
shows that the Gallup/Mancos interval, between the Tocito interval and the Juana Lopez 
Member, thins rapidly to the north. This trend continues until the Tocito directly overlies 
the Juana Lopez Member at the Plunge Pool location. At the Plunge Pool large, rectangular 
lithoclasts are incorporated into basal Tocito lithologies (Fig. 2.23). Fossils in these clasts 
indicate that they are derived from the underlying Juana Lopez Member (C. M Molenaar, 
oral comm. 1990).
Several specimens of Volviceramus involutes were collected from Tocito outcrops 
just north of the San Juan River by Dane (1960). These indicate a middle through late 
Coniacian age (CO-4 and younger) for the Tocito Sandstone here. A single specimen of 
the ammonite Gauthiericeras roqueii was collected from the Tocito Sandstone at the Plunge 
Pool (C. M. Molenaar, oral comm.) also indicating a middle Coniacian age (CO-3 and 
younger).
Seaward of anticline
Paleo-seaward of the Waterflow Anticline, the Tocito sandstone crops out only at 
the Mounds, Colorado (Fig. 2.14). At this location, the Tocito interval contains a medium 
to coarse-grained, glauconitic, crossbedded sandstone at the base (referred to as the basal 
sandstone) erosionally overlying the Juana Lopez Member (Fig. 2.26; unit 1). Overlying 
the basal sandstone is a coarsening-upward glauconitic, sandy mudstone to muddy 
sandstone interval (unit 2) containing faintly crossbedded sandstones at the top (unit 3). A 
distinct bentonite is present near the top of unit 2. Unit 3 is erosionally overlain by a thin, 
crossbedded, pebbly sandstone (unit 4). Unit 4 is truncated by a Tertiary (?) conglomerate. 
Specimens of Cremnoceramus deformis (Meek) collected by Dane (1960) from the muddy 
sandstone interval (unit 2) indicate an early to middle (lower part) Coniacian age (CO-2 
through CO-3) for this interval.
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Figure 2.26. Measured section at the "Mounds", CO. Tocito interval erosionally overlies 
the Juana Lopez Member and is erosionally overlain by Tertiary(?) conglomerates. The 
section here is very similar to that seen in the subsurface at the Horseshoe Oil Field, which 
is located to the southeast along strike.
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STRATIGRAPHY - SUBSURFACE
Several subsurface cross sections have been constructed from the outcrop belt 
downdip into the San Juan Basin (Figs. 2.27,2.28, 2.29 and 2.30; located in back 
pocket). The location of these sections is shown on figure 2.14 (A-A', B-B', C-C' and D- 
D'). All sections show a similar dip-oriented stratigraphy, with only minor variations 
along strike. Subsurface correlations are based upon bentonites, major flooding surfaces, 
erosion surfaces and their correlative conformities, and other characteristic resistivity 
markers. This correlation scheme is assumed to approximate a chronostratigraphic 
framework (Van Wagoner et al., 1988), and no inference is made concerning facies 
continuity. Sections are datumed on markers above the Tocito interval. Where present, the 
M2 bentonite (terminology of McCubbin, 1969) is used as the horizontal datum. This 
datum is chosen because of its proximity to the Tocito Sandstone and therefore minimizes 
the effects of pre- and post Tocito tectonic movements.
Correlations on the paleo-seaward side of the Waterflow Anticline are fairly 
straightforward, with good resistivity markers throughout the section. Correlations across 
the anticline and on the landward side are more difficult as a consequence of the shallow 
position of the Tocito interval, few well logs on the landward side, and abrupt dip-oriented 
stratigraphic changes resulting from syn-depositional tectonic movements. The correlation 
scheme from the seaward to the landward side of the anticline incorporates information 
from outcrops (including outcrop gamma ray profiles; Fig. 2.31) and shallow core holes 
(Fig. 2.32).
Well logs from up-dip (southwestern) locations show a thick interval of coarsening- 
upward Gallup Sandstone and Lower Mancos Shale above the Juana Lopez marker. At the 
top of this interval is a major flooding surface, as indicated by the S.P. and resistivity logs 
(especially refer to Magnolia Navajo #1, Magnolia Navajo #3 and British American Oil 
Prod. Co. #1-F on figure 2.27). Correlation to a nearby measured section and outcrop 
gamma ray log (Fig. 2.27) suggests that the major flooding surface approximates the top of 
the Gallup Sandstone. This is further supported by the observation that the top of the 
Gallup Sandstone, beneath the Tocito interval, is everywhere characterized by a heavily 
burrowed upper surface (for example refer to Fig. 2.19; also refer to chapter 3). Strata 
above this flooding surface correspond to the Tocito interval, with possibly a thin interval 
of the Torrivio Member at the base to the southwest (Figs. 2.28,2.29 and 2.30).
The Tocito interval, above the flooding surface, changes character in the downdip 
direction. Near the landward flank of the anticline (Figs. 2.27 and 2.28) there is a distinct 
erosion surface near the base of the Tocito interval. This erosion surface truncates basal 
Tocito strata and the underlying flooding surface. Correlation to well logs from shallow
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.31. Correlation of measured outcrop section with outcrop gamma ray profile at 
LSW to nearby well (12 kms). Well is first well on figures 2.28, 2.29, and 2.30. Major 
flooding surface on top of Gallup Sandstone is overlain by a thin interval of the Torrivio 
Member. Above the Torrivio Member the stratigraphy appears similar to that observed in 
outcrops with a lower and upper sandstone member. Outcrop gamma ray courtesy of R. 
Cole.
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core holes at the Hogback oil field shows that the Tocito interval at this location 
corresponds to both the lower and upper sandstone members (Fig. 2.32). The Tocito 
erosion surface closely corresponds to the base of the channel sandbody at the Hogback oil 
field. Farther seaward, along the crest of the anticline, this basal erosion surface (ES-1) 
truncates most of the Gallup/Mancos interval (Figs. 2.27 and 2.28) and forms the base of 
the Tocito Sandstone. Although by far most of the thinning of the pre-Tocito section is a 
result of truncation at the base of the Tocito interval, correlation of resistivity markers in the 
Gallup/Mancos interval may show slight evidence of depositional thinning in this direction 
(western portion of figure 2.29).
The basal erosion surface (ES-1) descends in the seaward direction, eventually 
truncating the entire Gallup/Mancos interval and the upper part of the Juana Lopez Member 
at the Horseshoe oil field (Fig. 2.28). The succession at the Horseshoe oil field may be 
subdivided into four stratigraphic intervals (Fig. 2.28, El Paso Prod. Co. Horseshoe 
Canyon # 6). Interval 1 extends from the basal erosion surface (ES-1) to the M l bentonite 
(terminology of McCubbin, 1969), and primarily consists of a basal sandstone (referred to 
as basal Tocito sandbodies) in erosional contact with the underlying Juana Lopez Member. 
Interval 2 extends from the M 1 bentonite to the base of the upper sandstone, and consists 
of a coarsening-upward muddy sandstone interval. Interval 3 extends from the base of the 
upper sandstone to the M2 bentonite (terminology of McCubbin, 1969). The base of the 
upper sandstone is a useful correlation surface because it becomes a distinct erosional 
surface (ES-2 surface) along the crest of the anticline (Fig. 2.28). At other locations the 
correlative conformity to the ES-2 surface is used to separate interval 2 and 3. Interval 4 
extends from the M2 bentonite to the Skelly marker.
The basal sandbodies (within interval 1) form long, linear sandbodies that trend 
parallel to the regional structure (Fig. 2.33). These sandbodies are asymmetric, thinning 
rapidly onto the erosional scarp to the southwest and gradually to the northeast (McCubbin, 
1969). Basal sandbodies of interval 1 form many of the producing oil fields in the San 
Juan Basin, and all show similar geometries to the basal Horseshoe sandbody, with sharp 
southwestern scarps and gentle northeastern margins (Matheny, 1981). At the Horseshoe 
oil field the basal sandbody is up to 10 meters thick, however, maximum thicknesses are 
typically on the order of 5 to 7 meters. These units either rest directly on the Juana Lopez 
Member or are separated from it by a thin interval of Lower Mancos Shale. Overlying the 
basal sandbodies is the coarsening-upward, muddy interval (interval 2). Interval 2 is 
sharply overlain by the upper sandstone (interval 3). Sandbodies at the stratigraphic 
position of interval 3 also produce in the San Juan Basin, and like the lower sandstone 
form northwest-southeast oriented, linear sandbodies (Matheny, 1981). However, these
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Figure 2.33. Isopach map of basal Tocito sandbodies found in interval 1 at Horseshoe Oil Field and Many Rocks Field. 
Modified from McCubbin (1969).
sandbodies are typically wider and more symmetrical than the lower ones, and do not 
overlie scoured escarpments (Matheny, 1981).
In the landward direction, interval 1 thins toward the seaward flank of the 
Waterflow Anticline and cannot be correlated to the landward flank. On figure 2.28 
interval 2 is also absent along the crest of the anticline, as a result of both thinning from the 
northeast and truncation at the base of interval 3 (ES-2 surface). On figure 2.27 (A-A') 
however, intervals 2 and 3 are traced across the anticline (southwest). Correlation of these 
logs to the well logs from the Hogback oil field (Fig. 2.32), show that interval 2 
corresponds to the channel sandstone (in the lower sandstone member) and interval 3 
corresponds to the upper sandstone member. The upper sandstone member at the Hogback 
oil field, however, extends above the M2 bentonite and therefore partially extends into 
interval 4 (Fig. 2.32). In the landward direction, the erosion surface at the base of interval
2 (channel sandstone) is not evident, and the Tocito is apparently conformable with the 
underlying Gallup Sandstone. Also in this direction, separation of interval 2 from interval
3 becomes extremely difficult, and they are treated as a single unit
This correlation scheme is supported by existing biostratigraphic data. The 
Horseshoe oil field is approximately on strike with Tocito outcrops at the Mounds (Fig. 
2.14) and shows a similar stratigraphic succession (Fig. 2.34), except the Tocito interval is 
much thicker at the Horseshoe oil field. Biostratigraphic data from the Mounds indicates 
that the muddy sandstone interval is early Coniacian (C02). Therefore intervals 1 and 2 on 
the seaward flank of the Waterflow Anticline are interpreted to be early Coniacian in age. 
The lower sandstone member on the landward flank is also early Coniacian (C02). All 
strata correlated to intervals 3 and 4 (i.e. crest of anticline and HOF) are middle Coniacian 
in age.
Correlation of interval 4 across the crest of the Waterflow Anticline show it to 
locally thicken along the crest. On figure 2.27, interval 4 thickens dramatically from the 
paleo-landward (southwest) direction onto the anticline crest. A similar relationship is also 
observed on figure 2.29. Figure 2.28 shows interval 4 to thicken onto the crest from the 
paleo-seaward (northeast) direction. This same trend was observed by Exxon Production 
Research, and is illustrated in Jennette et al. (1991; their figures 5 and 14) This pattern 
suggests a reversal in the sense of motion associated with the Waterflow Anticline after 
deposition of interval 3. Based on subsurface mapping Jennette et al. (1991; p. 9) state 
that;
"the Waterflow fault had initially a  reverse sense o f  motion when erosion o f  the 
Gallup took place and then reactivated in the opposite sense as a normal fault during 
deposition o f  Tocito sequences."
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Figure 2.34. Correlation of section from the "Mounds" to well log at Horseshoe Oil Field. 
Very similar stratigraphic section is observed, suggesting strike-oriented similarity.
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Reversals in the sense of motion along high angle basement faults in this area have also 
been documented by Huffman and Taylor (1991) and Stevenson and Baars (1986).
STRATIGRAPHIC MODEL
The stratigraphic relationships determined from the surface and subsurface data are 
integrated into a stratigraphic model for the entire Tocito interval and surrounding strata. 
The interpreted stratigraphic relationships are shown on an oblique dip-oriented surface 
cross section from the Little Shiprock Wash location, landward of the anticline, downdip to 
the Mounds section (Fig. 2.35). The distance from the base of the Tocito interval to the top 
of the Juana Lopez Member is also shown and helps to outline the general position of the 
Waterflow Anticline.
The surface section at the Mounds may be subdivided into the same intervals as 
were used to subdivide the subsurface section at the Horseshoe oil field (Fig. 2.34). The 
lower sandstone overlies the basal erosion surface (ES-1) and corresponds to the basal 
sandstone at the Horseshoe oil field. The erosion surface at the base of the upper 
sandstone corresponds to the erosion surface at the base of interval 3 (ES-2) in the 
subsurface (Fig. 2.28). Interval 2, is correlated to the coarsening-upward, bioturbated 
muddy sandstone interval between the flooding surface at the top of the basal sandbody and 
erosion surface ES-2. The crossbedded sandstone above ES-2 corresponds to interval 3 in 
the subsurface.
ES-2 at the Mounds is correlated to the erosion surface beneath the single Tocito 
sandbody along the crest of the anticline. Here ES-2 truncates erosion surface ES-1. This 
geometry is similar to that observed in the subsurface on figure 2.28, where erosion 
surface ES-2 truncates interval 2 along the crest Intervals 1 and 2 are therefore absent 
along the crest of the anticline at this location. The Tocito sandstone above ES-2 
corresponds to intervals 3 and 4.
The single sandstone present on the crest of the anticline corresponds to the upper 
sandstone member on the landward flank. This correlation is based on the presence of 
middle Coniacian fauna at both locations, and the layer of Pseudoperna oysters at the top of 
these sandstones. ES-2 in the subsurface is therefore correlated to the erosion surface 
beneath the upper sandstone member on the landward flank. The upper sandstone member 
on the landward flank is correlated to both intervals 3 and 4 based on subsurface correlation 
to the upper sandstone member at the Hogback oil field (Fig. 2.32).
On the landward flank, the lower sandstone member is present beneath ES-2. The 
lower sandstone member thins seaward as a result of both depositional thinning onto the 
structural high (as shown on Fig. 2.18) and in this area by truncation at the base of the
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upper sandstone (Fig. 2.24). The precise amount of truncation versus thinning is not 
known, and the section is plotted with the top of the Tocito interval as the horizontal datum 
in this location.
The lower sandstone member cannot be directly correlated across the anticline at 
this location. Stratigraphic relationships observed in subsurface data (Fig. 2.27), however, 
suggest that the lower sandstone member on the landward flank correlates to interval 2 and 
possibly the upper part of interval 1 on the seaward flank. This correlation is also 
suggested by the presence of an early Coniacian fauna in both the lower sandstone member 
at the Hogback oil field and the muddy sandstone (interval 1?) at the Mounds. 
Chronostratigraphy
The same section is also shown on a time-distance (chronostratigraphic) diagram 
(figure 2.36) developed with available biostratigraphic data. This diagram illustrates both 
the chronostratigraphic relationships of the Tocito interval and the lacuna associated with 
the erosion surfaces. At the Mounds section the basal sandbody (interval 1) 
unconformably overlies the Juana Lopez Member. An early Coniacian age is assigned to 
both intervals 1 and 2 based upon the presence of Cremnoceramus deformis (Meek) within 
the muddy sandstone interval. The lacuna associated with the basal Tocito erosion surface 
(ES-1) at this location is primarily contained within the late Turonian and extends from 
approximately 90.2 (?) to 89.0 (?) Ma. At the Plunge Pool location the Tocito Sandstone is 
middle Coniacian in age and also unconformably overlies the Juana Lopez Member. At this 
location the lacuna at the base of the Tocito includes both the late Turonian and the early 
Coniacian, and extends from approximately 90.2 (?) to 88.6 (?) Ma. South of the Plunge 
Pool location the Tocito Sandstone is also middle Coniacian in age and overlies the Lower 
Mancos Shale. The lacuna at the base of the Tocito interval has therefore decreased 
somewhat in this direction. On the landward flank of the anticline there is an apparently 
complete section of Gallup/Lower Mancos, and the youngest Gallup strata are early 
Coniacian in age. At these locations, the lower sandstone member of the Tocito is also 
early Coniacian and there is no biostratigraphic evidence of an unconformity separating the 
Gallup and Tocito Sandstones.
At the Plunge Pool location, ES-2 truncated ES-1 and the lacuna is presumed to 
include the early Coniacian. Landward, however, the middle Coniacian upper sandstone 
member overlies the early Coniacian lower sandstone member and the lacuna associated 
with ES-2 is below biostratigraphic resolution. At the Mounds section there is no age 
constraint on the upper sandstone (interval 3), however correlations suggest a probable 
middle Coniacian age. Therefore on both the seaward and landward flanks of the anticline 
the ES-2 lacuna is below biostratigraphic resolution.
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DISCUSSION
The stratigraphic data presented in this chapter can be used to address the two major 
questions discussed in the introduction. These concern the presence or absence of an 
unconformity at the base of the Tocito Sandstone and the relationship between the Gallup 
and Tocito Sandstones. The data demonstrate the presence of a major unconformity 
beneath part of the Tocito Sandstone. At the Horseshoe oil field, the Mounds section, and 
the Plunge Pool section, the Tocito Sandstone is in erosional contact with the Juana Lopez 
Member of the Mancos Shale and the entire Gallup Sandstone and equivalent Mancos Shale 
interval is missing (Figs. 2.28,2.35 and 2.36). Up-dip, however, an apparently complete 
Gallup/Mancos section is preserved beneath the Tocito interval, and there is neither 
lithostratigraphic nor biostratigraphic evidence of this unconformity. The location of the 
unconformity closely corresponds to the position of the Waterflow Anticline and its gentle 
northeastern limb. In contrast, the section is apparently conformable in the structurally low 
region on the landward flank of the anticline (Figs. 2.13, 2.27,2.28, 2.35, and 2.36). 
These observations reconcile some of the previous studies of the Tocito interval and show 
that the precise study location was a considerable factor in the differing interpretations. 
Previous studies of the Bisti oil field (Tomkins, 1957, Sabins, 1963,1972) found no 
evidence of an unconformity at the base of the Tocito Sandstone. The Bisti oil field lies 
paleo-landward of the projected position of the Waterflow Anticline (Figs. 2.3 and 2.14), 
and would be expected to show a conformable succession. Studies conducted in the 
vicinity of the Horseshoe oil field (Pentilla, 1964; McCubbin, 1969; Sabins, 1972), 
however, did find evidence for a major unconformity beneath the Tocito Sandstone. As 
shown throughout this chapter, the Horseshoe oil field is located on the gentle seaward 
flank of the anticline. Here the Tocito rests directly on the Juana Lopez Member and there 
is an obvious unconformity at its base.
None of the data in this study suggest interfingering between the Tocito and Gallup 
Sandstones. Campbell’s (1979) cross section that shows coeval Gallup and Tocito 
Sandstones is based on an incorrect correlation of the M2 bentonite, which lies above the 
Tocito Sandstone, to a much older bentonite within the Gallup Sandstone (Fig. 2.8). 
Campbell’s section runs essentially parallel to the surface section shown in figure 2.35, and 
does not recognize the basal Tocito erosion surface (ES-1). Furthermore, body fossils 
collected from the Gallup Sandstone indicate that it is no younger than assemblage zone 
COl, whereas, the oldest Tocito body fossils are in assemblage zone C02.
The relationship between the Tocito interval and the Torrivio Member, however, 
remains in some doubt. Data presented here is felt to indicate that the Torrivio Member is 
equivalent to the lower sandstone member (Fig. 2.18), however, the Torrivio Member,
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when present, is always found beneath, never above, the Tocito Sandstone. If this 
interpretation is incorrect, two puzzling questions remain. 1) Where are the coarse-grained 
marine equivalents of the continental Torrivio Member? 2) Where is the coarse-grained 
continental system that supplied sediment to the lower sandstone member of the Tocito 
interval?
These data also enable a stratigraphic subdivision of the Tocito interval into at least 
two distinct chronostratigraphic intervals. These intervals correspond to an early Coniacian 
interval and a middle and possibly late Coniacian interval separated by an erosion surface. 
The early Coniacian interval consists of intervals 1 and 2 in the subsurface, the basal 
sandbody and the muddy sandstone at the Mounds, and the lower sandstone member on 
the landward flank. The middle and late Coniacian interval corresponds to interval 3 and 4 
in the subsurface, the upper crossbedded sandstone at the Mounds, the entire Tocito 
interval along the crest of the anticline, and the upper sandstone member on the landward 
flank. The extent of the lacuna associated with the pre-Tocito unconformity is strongly 
influenced by the presence of the anticline. The lack of the early Coniacian interval on the 
crest of the anticline maximizes the lacuna associated with the pre-Tocito unconformity at 
this location (Fig. 2.36).
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CHAPTER 3: FACIES ANALYSIS AND DEPOSITIONAL 
ENVIRONMENTS
INTRODUCTION
The Tocito Sandstone belongs to an important class of sandstones that are relatively 
common in Upper Cretaceous strata of the Western Interior basin. These sandbodies 
display marine characteristics and are entirely encased in marine mudstones. They are 
long, linear, parallel to the regional paleoshoreline, and may be located up to 200 km 
seaward of any “contemporaneous” subaerial shoreline deposit (Boyles and Scott, 1982; 
Walker, 1984; Power, 1988). Average dimensions are approximately 15 meters thick, 40 
to 45 kilometers long, and 9 kilometers wide. These sandbodies are most often associated 
with a coarsening-upward textural profile (Figure 3.1; Walker, 1984).
As a consequence of their enclosed position within organic-rich marine shales, 
these sandbodies form excellent stratigraphic reservoirs (McCubbin, 1969; Sabins, 1963, 
1972; Leggitt et al., 1990; Krause et al., 1987; Tillman and Martinsen, 1987). As a result, 
they have been extensively studied over the past several decades. These studies have, 
however, failed to generate a consensus concerning the environmental interpretation of 
these sandbodies (Walker, 1984; Power, 1988). The proposed interpretations for this class 
of sandbodies can be grouped into three general categories. These are: 1) marine or shelf 
bars/ridges, 2) detached lowstand shorefaces, and 3) incised valley fills. In several 
instances each of the three models has been applied (by different authors) to the same 
stratigraphic unit. These three depositional models are briefly outlined below.
MODELS 
Marine/Shelf Bars
Early discussions referred to these sandbodies as offshore or marine bars 
(Tomkins, 1957; Michaelis, 1957; Sabins, 1963, 1972; Berven, 1966). This model was 
primarily based on the presence of marine indicators within the sandbodies and their 
inferred offshore location. Figure 3.2 shows a representative diagram of the marine bar 
interpretation based on studies of the Tocito Sandstone (Sabins, 1963). Shore-parallel 
marine currents and waves were thought to be responsible for formation of the sandbodies 
(Berven, 1966; Sabins, 1963, 1972).
Studies in the 1960s and 1970s of processes and deposits on modern continental 
shelves led to major advances in the shelf bar model. These studies documented the 
presence of numerous, long, linear sand ridges on many modem continental shelves (Fig.
3.3), primarily from the North Sea (Off, 1963; Stride, 1963; Houbolt, 1968; McCave,
60
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Figure 3.1. Schematic representation of Cretaceous Western Interior isolated marine sandbodies. Generalized map view and 
vertical profile. Typical dimensions are indicated on figure. In many cases there is a disconformity associated with the base of 
theses sandbodies. Many sandbodies in the Tocito interval compare favorably to this representation. From Walker (1984).
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Figure 3.2. Offshore bar interpretation of Tocito Sandstone. A) Cross section through 
bar and beach facies showing offshore location. B) Map showing geometry of offshore 
bar. From Sabins (1963).
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Figure 3.3. Sand ridges (sand banks) on modern continental shelves. A) Sand ridges 
(banks) in the tide-dominated North Sea. Sand ridges roughly parallel the modern 
shoreline. From Kenyon et al. (1981). B) Sand ridges on North Carolina portion of the 
U.S. Atlantic shelf. Sand ridges represented by dashed lines and sand waves (dunes) by 
solid lines. Trend of ridges subparallel to shoreline. From Swift et al. (1978).
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1971; McCave and Langhome, 1982; Stride et al., 1982) and the U.S. Atlantic shelf (Off, 
1963; Swift et al., 1971; 1973; Duane et al., 1972; Swift and Field, 1981; Swift et al., 
1984; Twichell, 1983). These modem shelf sand ridges are responding to the present shelf 
current system, including both tidal- and storm-generated currents (Twichell, 1983; 
Langhome, 1982; Swift, 1985). Modem shelf sandbodies are of similar scale to the 
Cretaceous marine sandstones, with lengths of several tens of kilometers, widths of a few 
kilometers, and thicknesses of 5 to 50 m (Belderson, 1986). These shelf sand ridges have 
been cited as depositional analogs for the isolated marine sandbodies in the Cretaceous 
Western Interior (Berg, 1975; Brenner, 1978; Boyles and Scott, 1982; Tillman and 
Martinsen, 1984; Swift and Rice, 1984; Shurr, 1984; Beaumont, 1984; Kitely and Field, 
1984), including the Tocito Sandstone (Kofron, 1987; Bergsohn, 1988, Nummedal and 
Swift, 1987, Nummedal et al., 1988; Nummedal et al., 1989; Nummedal, 1990). 
Lowstand Detached Shorefaces
A different model for formation and preservation of isolated (detached), marine 
sandbodies comes from studies of Cretaceous Western Interior strata in Alberta, Canada 
(Bergman and Walker, 1986; Plint, 1988; Rosenthal, 1988; Posamentier and Chamberlain, 
in press). In this model, the sandbodies represent the deposits of detached, lowstand 
shorefaces (Plint, 1988). Falling relative sea level results in rapid progradation of the 
shoreline across the shelf ("forced regression" of Posamentier, 1989,1990).
Consequently, a progradational shoreface sequence is deposited on the previous shelf (Fig.
3.4). The erosional surface at the base of this sequence is cut by submarine processes and 
forms as a result of decreasing water depth across the shelf. This surface has been referred 
to as a regressive surface of marine erosion (Nummedal et al., in press). As the rate of sea 
level fall slows and eventually reaches stillstand, shoreline progradation also slows and a 
thicker regressive shoreface sequence results (Fig. 3.4). Subsequent rising relative sea 
level results in transgression of the shoreline. During transgression the shoreline migrates 
landward and upward resulting in erosion of the shoreline. The process is referred to as 
erosional shoreface retreat (Bruun, 1962), and the resulting transgressive erosion surface is 
called the ravinement surface (Swift, 1968). In this model, transgressive erosion is 
thought to result in the removal of the upper portion of the shoreface and all fluvial deposits 
and subaerial indicators. This model, therefore, predicts a shoreface sandbody bounded by 
erosional surfaces (regressive surface of marine erosion at the base and a ravinement 
surface at the top) and encased in marine mudstones, with no evidence of corresponding 
subaerial, fluvial, or paralic facies (Fig. 3.4).
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Figure 3.4. Formation of isolated (detached) lowstand shoreface sequences. A) 
Schematic map and cross section from Glauconite Formation, Alberta. Modified from 
Rosenthal (1988). B) Cross section developed from well log cross section of Viking 
Formation. The initial state in this cross section postdates a rapid sea level fall and 
corresponds to between time C and D in figure A. Modified from Posamentier and 
Chamberlain (in press). Both models assume a sea level fall that places the shoreline in a 
distal position. The link to the previous subaerial shoreline is destroyed during the 
ensuing transgression.
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Incised Valleys
The most recent model proposed for formation and preservation of isolated shallow 
marine sandbodies is one in which they are inferred to be the "reworked" fill of incised 
valleys cut by fluvial incision during falling sea level (Van Wagoner et al., 1990; Jennette et 
al., 1991; Fig. 3.5). During sea level fall fluvial channels may incise pre-existing marine 
strata and create a network of entrenched valleys (Fig. 3.5). Subsequently, rising relative 
sea level results in flooding of the incised valleys and reworking of sediment into estuarine 
sandbodies (Van Wagoner et al., 1990). Continued relative sea level rise results in 
blanketing the estuarine sandbodies with marine mudstones. Tidal reworking in the estuary 
during transgression is inferred to have removed all vestiges of the original fluvial deposits 
and subaerial exposure.
A variant on this model was proposed for the Tocito Sandstone in the late 1960s 
(Fig. 2.7; McCubbin, 1969). In this model the erosional surface at the base of the Tocito 
interval was envisioned as a series of strike-oriented cuestas, where valleys formed in less 
resistant lithologies and intervening cuestas formed from resistant lithologies. The 
sandbodies were termed strike-valley sandstones (McCubbin, 1969) and were deposited as 
marine sandbodies on the subaerial erosion surface during the ensuing sea level rise.
FACIES ANALYSIS
Each of the above models have been proposed for formation of isolated shallow 
marine sandbodies. To constrain alternatives for the Tocito interval, the following section 
examines its sedimentologic characteristics in outcrops along the western flank of the San 
Juan Basin (Fig. 3.6). The data indicate that the Tocito interval consists entirely of the 
deposits of marine depositional systems. These depositional systems are interpreted to 
include a progradational tide-dominated delta (sedimentologically similar to an estuarine 
environment) and a transgressive shelf. Both the incised valley and the lowstand shoreface 
models are shown to be inappropriate for the Tocito interval.
Adjacent Strata
The following section briefly addresses the sedimentologic characteristics of strata 
adjacent to the Tocito interval within the study area.
Gallup Sandstone
Description - Distal facies of the Gallup Sandstone directly underlie the Tocito 
interval throughout much of the study area. At most locations, the Gallup consists of fine­
grained (100-125 pm) sandstones alternating with bioturbated, muddy sandstones.
Physical sedimentary structures are primarily horizontal laminations, ripple cross 
lamination and less common hummocky stratification (Fig. 3.7). Bedding planes
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Figure 3.5. Representation of incised valley model for formation and preservation of 
isolated marine sandbodies. Erosional fluvial valleys are formed as a result of sea level 
fall. Subsequently sandbodies are deposited in the incised valleys during the following 
relative rise. In the model presented for the Tocito Sandstone (Jennette et al., 1991), four 
separate episodes of valley incision and filling are interpreted. Note, location of valleys on 
regional structural high and reversal in the sense of motion on fault. Modified from 
Jennette et al. (1991).
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Figure 3.6. Location map showing outcrops discussed in text. Location of northwest- 
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A
Figure 3.7. Gallup Sandstone. A) Inner shelf facies of Gallup Sandstone. Structures are 
primarily horizontal laminations, ripple cross stratification, and hummocky stratification. 
Note alternating bioturbated and laminated intervals. Photo from SJR location (Fig. 3.6). 
B) Top of Gallup Sandstone showing heavily bioturbated upper surface. The Tocito 
interval directly overlies this surface. Photo from SJR location (Fig. 3.6).
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commonly display wave ripples, with crests oriented northwest -southeast, parallel to the 
regional trend of the Gallup shoreline. Thin, laminated shale drapes are common, 
interbedded with sandstones. Bioturbated muddy sandstones alternate with sandstone beds 
and contain small (1 cm length, 3 mm diameter), horizontal to oblique clay-lined burrows. 
Ophiomorpha burrows are present in sandstone beds. The upper surface of the Gallup is 
heavily bioturbated everywhere (Fig. 3.7) and is overlain by the lower sandstone member 
of the Tocito interval.
In the vicinity of LSW and RSD locations (Fig. 3.6) the Gallup Sandstone contains 
a one-meter-thick bed of amalgamated sandstone overlying a sharp erosional base (Fig. 
3.8). Sedimentary structures within this bed include horizontal laminations and hummocky 
stratification (Fig. 3.8). At LSW the upper surface of this bed is also heavily burrowed 
and contains scattered chert pebbles and cobbles.
Interpretation - Horizontal bedding, wave-ripples and hummocky crossbedding are 
all characteristics of shallow marine deposition. Hummocky crossbedding has been 
interpreted as a result of superimposed waves and currents (Dott and Bourgeois, 1982; 
Swift et al., 1983; Southard et al., 1990), whereas both wave ripples and horizontal 
stratification may be produced by purely oscillatory flow. The occurrence of alternating 
bioturbated muddy sandstones and laminated sandstones is typical of shallow marine 
settings that alternate between strong storm conditions and periods of quiescence (Walker, 
1984). The presence of muddy sandstones and interbedded shale drapes suggests a setting 
not experiencing constant wave activity (i.e. below "fair-weather" wave base). 
Lithologically, these facies are similar to updip (southwest) exposures of the Gallup 
Sandstone, and are interpreted as inner-shelf equivalents of Gallup shoreface strata.
The amalgamated hummocky-stratified and horizontally laminated sandstone bed, at 
the RSD and LSW locations (Fig. 3.6), indicates continuous agitation by combined waves 
and currents. This bed is interpreted as representing the middle shoreface. The sharp, 
erosional base of this bed and its juxtaposition with underlying inner shelf facies sharply 
contrasts with the typical, gradual coarsening-up sequence exhibited by most shorefaces 
(Leckie and Krystinik, 1991). This bed possibly represents a rapid seaward shift of the 
shoreline in response to a forced regression, and is interpreted as formed during falling 
relative sea level.
The heavily burrowed upper surface on top of the Gallup Sandstone is a 
transgressive surface. Where the surface overlies inner shelf facies (i.e. SJR location) it 
displays no discernible evidence of erosion and presumably formed seaward of the 
shoreface. In this case the surface is referred to as a shelf deflation surface (terminology of 
Nummedal and Swift, 1987; Nummedal et al., in press). At the LSW and RSD locations,
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the flooding surface overlies middle shoreface strata, contains chert pebbles, and is 
interpreted as a ravinement surface, formed by erosional retreat of the shoreface.
Torrivio Member
Description - Equivalents of the Torrivio Member are known only from a single 
outcrop within the study area (RSD). At this location the Torrivio forms an isolated, 
positive-relief, lenticular sandbody overlying a sharp erosional base (Fig. 2.20) and 
consists of medium to coarse-grained (350 - 500 (am) feldspathic sandstones. The basal 
erosion surface truncates the Gallup Sandstone and contains abundant mudstone rip-up 
clasts. Structures within the sandbody include low-angle trough crossbeds at the base and 
horizontal bedding at the top (Fig. 3.8).
Interpretation - The lenticular geometry and the sharp erosional base is interpreted 
as a result of erosion at the base of a small distributary channel. Low-angle trough 
crossbeds with rip-up clasts indicate filling of scour pits in front of three-dimensional 
dunes. These features are confined to the base of the channel. Horizontal bedding, present 
throughout most of the sandbody, is interpreted as representing wave action. The 
sandbody is interpreted as representing the deposits of a distributary channel at the base and 
distributary mouth bar deposits at the top.
Updip (to the southwest) of these locations the Torrivio Member is significantly 
thicker. In those areas the lower part of the Torrivio consists of coarse-grained fluvial 
channel fills. These fluvial channel fills are overlain by deposits inferred by Miall (1991) to 
represent tidally -influenced estuaries.
Lower Mancos Shale
Description - At the Hogback oil field the Tocito interval directly overlies the Lower 
Mancos Shale and the Gallup Sandstone is not present. The Lower Mancos Shale consists 
of bioturbated fine-grained sandy mudstones to muddy sandstones (Fig. 3.9). As used 
here the term "bioturbated" refers to burrowing such that all physical structures are 
obliterated. Identified burrows include Terrebellina, Asterosoma, Teichichnus, 
Rhizocoralliwn, Chondrites, and Planolites. Physical structures are extremely rare, and 
consist of thin, laminated sandstone beds. Marine microfossils are very common within 
the Lower Mancos (Lamb, 1968) and studies of the organic matter show it to be dominated 
by terrestrial organic matter (Pasley, 1991).
Interpretation - The trace fossil association and the presence of marine microfossils 
demonstrate a marine environment for the Lower Mancos. The trace fossil association 
most closely resembles the Cruziana ichnofacies, which is most prevalent on the inner shelf 
(Seilacher, 1967; 1978). A lack of physical structures and the abundance of burrows 
indicate an environment below “fair-weather” wave base. This facies is interpreted as the
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Figure 3.8. Photographs in vicinity of RSD location (Fig. 3.6). A) Sharp-based bed of 
Gallup Sandstone. Local truncation at the base of this bed is evident in photo, as is the 
bioturbated upper surface. Photo from between RSD and SRW location. B) Horizontal 
bedding in upper part of Torrivio Member. Bedding is interpreted to result from wave 
action. Photo from RSD location.
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Figure 3.9. Core photos. A) Bioturbated muddy sandstone of Mancos Shale from shallow outcrop cores at Hogback Oil Field. B) 
Laminated shale with thin rippled siltstones of Mulatto Tongue of Mancos Shale overlying upper sandstone member of Tocito Sandstone. 
From shallow outcrop cores at Hogback Oil Field. General lack of burrowing and presence of rare, discrete siltstone beds is 
characteristic of the Mulatto Tongue.
distal inner-shelf equivalents of the previously described Gallup Sandstone. The 
dominance of terrestrially-derived organic matter suggests a dominantly regressive (shelf) 
setting (Pasley, 1991).
Mulatto Tongue of the Mancos Shale
Description - The Mulatto Tongue of the Mancos Shale overlies the Tocito interval 
and consists of laminated, calcareous shales and silty shales (Fig. 3.9). Burrows are rare, 
but marine microfossils (foraminifera) are abundant (Nummedal, written comm., 1990). 
Studies of the organic matter in this unit show it to contain abundant marine organic matter 
(lower part) and relatively small amounts of terrestrial organic matter (Pasley, 1991).
Interpretation - The abundance of marine microfossils and marine organic matter 
demonstrates a marine setting for the Mulatto Tongue. The scarcity of burrows and 
abundance of preserved organic matter indicate poorly oxygenated bottom waters. The 
general lack of coarse elastics and predominance of marine organic matter is interpreted as 
indicating a predominantly transgressive (shelf) setting.
Tocito Sandstone
Regional surface and subsurface stratigraphic correlations presented in chapter 2 
permit a subdivision of the Tocito interval into three stratigraphic units (Fig. 3.10). These 
intervals are distinguished primarily based upon their position with respect to key bounding 
surfaces. Most outcrops within the study area contain only intervals 2 and 3. The 
following discussion concerns sedimentologic details of intervals 2 and 3 from outcrops on 
the western flank of the San Juan Basin. In these outcrops intervals 2 and 3 are referred to 
as the lower and upper sandstone members respectively. Interval 1 is present on the 
seaward flank of the Waterflow Anticline and is represented by the basal Mounds sandbody 
and the basal sandbody at the Horseshoe oil field. The sandbodies in interval 1 are referred 
to as basal Tocito sandbodies. This unit is not present in most of the study area and will 
only be briefly discussed. Summary tables for all Tocito members are shown in Tables 3.3 
through 3.5.
Lower sandstone member
The lower sandstone member is present in outcrops landward of the Waterflow 
Anticline (Fig. 3.6). The lower sandstone member is subdivided into three facies based on 
sedimentary structures, grain size, and degree of burrowing. Each facies is described and 
interpreted below.
Bioturbated muddv sandstone
Description - This facies is superficially similar to the shelfal facies of the Lower 
Mancos Shale described above (Fig. 3.11). It consists of bioturbated muddy sandstones 
containing as much as 5 to 20 percent dispersed mud. The average sand grain size is less
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Figure 3.10. Stratigraphic relationships as determined in chapter 2. Most of this chapter 
concerns the lower and upper sandstone members on the landward side of the anticline.
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Figure 3.11. Bioturbated muddy sandstone facies of lower sandstone member. A) Core 
photo showing individual burrows and typical unweathered texture. Note similarity to 
Lower Mancos Shale (Fig. 3.9A). B) Large coal fragment in bioturbated muddy 
sandstone. Large chunks of terrestrial organic matter are extremely common in this facies, 
as are layers of disseminated "coffee grounds".
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than 200 |im but there are significant quantities of 250 - 500 (im quartz grains and rare 1 - 2 
mm dispersed quartz grains. Phosphate nodules are locally dispersed within the muddy 
sandstone. Glauconite content ranges from 2 to 7 percent Terrestrial organic fragments 
are also common, with local concentrations approaching 5 percent (Fig. 3.11). Pyrite also 
forms a minor component of this facies. The medium and coarse sand grains and the 
presence of glauconite distinguish this facies from the subjacent Lower Mancos Shale. 
Carbonate concretions are common and are usually present along discrete horizons near the 
base of the lower sandstone member. Although this facies is highly bioturbated there are 
hints of 5 -10 cm thick beds.
A slight variant of this facies is found in a "continuous" bed of muddy sandstone to 
sandy mudstone that caps the lower sandstone member. This bed locally contains high 
concentrations of phosphate nodules and a higher proportion of mudstone than is typically 
encountered in this facies.
Interpretation - This facies is interpreted as representing a “low-energy” marine 
environment. In many respects it is similar to the shelf facies of the Lower Mancos Shale. 
A marine setting is indicated by abundant marine burrows and presence of glauconite and 
phosphate (Odin and Matter, 1981; Van Houten and Purucker, 1984; Johnson and 
Baldwin, 1986; Odin and Fullager, 1988). Further implications of phosphate and 
glauconite will be discussed later. The abundance of burrows and scarcity of preserved 
physical structures, as well as the presence of authigenic minerals (phosphate, glauconite) 
suggests slow accumulation rates for this facies. Carbonate concretion horizons represent 
even more reduced rates of clastic sedimentation. Abundant woody fragments and 
carbonaceous debris, however, suggest influx of terrestrially derived material and is 
thought to indicate direct input from a fluvial source.
This facies typically directly overlies the Gallup Sandstone, and although it 
suggests lower-energy conditions (bioturbated muddy sandstone versus ripplebedded and 
hummocky crossbedded sandstones with few burrows), it does contain a coarser-grained 
sand population. This indicates that the lower sandstone member was sourced from a 
coarser-grained system and was deposited in a lower energy (more sheltered?) environment 
than was the underlying Gallup Sandstone. The source of these coarser elastics is inferred 
to have been the Torrivio Member fluvial system.
The continuous bed of muddy sandstone and sandy mudstone with abundant 
phosphate nodules, found at the top of the lower sandstone member, indicates a dramatic 
reduction in clastic input. This unit represents the initiation of transgression.
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Burrowed sandstone
Description - This facies consists of burrowed to locally bioturbated sandstones. 
Sandstone beds are typically 10 to 25 cm thick and are typically separated by 2 to 5 cm 
thick muddier interbeds. The average sand size ranges from 250 to 350 (im. Glauconite is 
abundant, ranging from 5 to 15 percent Rare, rounded phosphate intraclasts are present 
within some sandstone beds. Carbonaceous material is also locally abundant. The 
sandstone beds display faint crossbedding (Fig. 3.12). Burrows are primarily vertical, and 
descend from the top of the bed.
Interpretation - Although most of the primary depositional textures are obliterated 
by burrowing, the presence of "ghosts" of crossbeds indicates formation by migrating 
bedforms (Fig. 3.12). This facies is often interbedded with the bioturbated muddy 
sandstone facies and is interpreted to represent the episodic migration of small, two- 
dimensional dunes in a “low-energy” marine environment. Throughout this text the 
terminology of Ashley et al. (1990) will be used for the various scales of bedforms. In this 
terminology, all transverse, lower flow-regime bedforms larger than ripples are referred to 
as dunes (Table 3.1).
The burrows located on "pause planes" within the crossbed sets demonstrate that 
bedform migration was episodic, with periods of bedform migration alternating with 
periods of quiescence. Subsequently, when bedform migration ceased, the upper set 
boundaries of the dunes were heavily colonized by burrowing infauna, often resulting in 
the obliteration of all primary structures.
Table 3.1. Terminology for transverse, lower flow regime bedforms larger than ripples. 
From Ashley et al. (1990).
Dune Scale Spacing Height
Small .6 - 5 m .075 - .4 m
Medium 5 - 10 m .4 - .75 m
Large 10- 100 m .75 - 5 m
Very large >100 m >5 m
Crossbedded sandstone
Description - This facies consists of crossbedded sandstones with set thicknesses 
ranging from 15 cm to 2.0 m. The majority of the sets are on the order of 50-cm-thick. 
The average sand size ranges from 350 to 500 fim. Glauconite is abundant, ranging from 
10 to 40%. Burrows may be abundant and this facies is gradational with the burrowed 
sandstone facies described above. Foreset dips indicate primarily southeastern paleoflow.
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Figure 3.12. Photographs of lower sandstone member facies. A) Burrowed sandstone 
facies. This particular set shows distinct cross bedding at the base of the set. However, 
many beds of similar thickness are completely bioturbated. Most burrows 
(Ophiomorpha)descend from the upper set boundary, however, a few (B) descend from 
internal "pause planes" (mud draped surfaces). B) Large crossbed set of crossbedded 
sandstone facies. Set is approximately three meters thick. Note sweeping toesets and 
bottomsets developed in front of foresets. Set overlies bioturbated muddy sandstone 
facies. Photo from SJR location (Fig. 3.6).
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Crossbed sets are most commonly bounded by planar set boundaries. Foresets 
display both planar and tangential bases with tangential-based foresets merging with 2 - 1 0  
cm thick heterolithic toesets and bottomsets (Fig. 3.12). Heterolithic bottomsets are 
typically more heavily burrowed than foreset beds. Heterolithic bottomsets, when not 
completely bioturbated, display wavy and lenticular bedding. Superimposed on some of 
the larger crossbeds are smaller-scale crossbeds (<10 cm thick) trending obliquely up and 
along the larger-scale foresets (Fig. 3.13).
At the Hogback oil field the crossbedded sandstone facies is primarily contained 
within a channel-fill sandbody overlying an erosional base (Fig. 3.13). The axis of the 
channel trends at approximately 110°, and paleocurrents within the channel average 100° 
(Fig. 3.14). A well preserved Cremnoceramus erectus (late form; identified by E.G. 
Kauffman, 1991) is found at the base of the channel. This channel is eroded into 
bioturbated muddy sandstone facies of the lower sandstone member.
Interpretation - Individual crossbed sets represent the deposits of small to large- 
scale subaqueous dunes. The planar set boundaries suggest two-dimensional dunes. The 
dunes primarily migrated from the northwest to the southeast as evidenced by the 
southeastern foreset dips. Tangential foresets and their associated bottomset deposits 
indicate high concentrations of suspended sediment and stronger currents relative to 
angular-based foresets (Jopling, 1963; Allen and Narayan, 1964; Koshiek and Terwindt,
1981). Smaller-scale crossbeds superimposed on larger foresets represent smaller dunes 
migrating obliquely up and across the lee side of the larger dunes.
The channel-fill sandbody at the Hogback oil field indicates locally erosional 
conditions. Sediments contained within the channel-fill sandstone were derived from local 
erosion of underlying bioturbated muddy sandstones and concentration of the coarser 
fraction in crossbedded sandstones.
Many observed structures; including mud drapes, reactivation surfaces, alternating 
angular and tangential foreset contacts, and superimposed crossbeds indicate tidal currents. 
These structures are also present in the upper sandstone member and to avoid repetition will 
be discussed in a following section concerning the hydrodynamic implications of the Tocito 
interval.
Trace fossils
A wide variety of burrows are present in the lower sandstone member. The 
bioturbated muddy sandstone contains a similar trace fossil association to that found in the 
Lower Mancos Shale, including Asterosoma, Terrebellina, Teichichnus, Chondrites, and 
Rhizocorallium (Fig. 3.11). The trace fossil association suggests a marine setting and most 
closely resembles the Cruziana ichnofacies. The Cruziana ichnofacies primarily reflects the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
Figure 3.13. Photographs of lower sandstone member. A) Small-scale crossbeds 
superimposed on large set shown in figure 3.12B. Large-scale foresets dip to right 
(azimuth: 115°). Small-scale crossbeds dip to the left (azimuth: 45°). Note mud drapes in 
small-scale crossbeds. B) Crossbedded sandstone in channel-fill sandbody at the Hogback 
oil field. Channel truncates (base at arrow) bioturbated muddy sandstone facies. Photo 
taken near axis of channel. Unit overlying channel is bioturbated muddy sandstone bed 
containing numerous phosphate nodules.
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Figure 3.14. Isopach map of channel fill sandstone at Hogback Oil Field. Zero margin to 
northeast is a result of both thinning of channel-fill and truncation at base of upper 
sandstone member. To the southeast the base of the sandbody becomes less erosional and 
the crossbedded facies essentially forms a thin sandstone sheet. Contours in meters. 
Figure 3.13B is from near the 2.2 meter value.
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activity of deposit feeding organisms in relatively low energy environments and has been 
inferred to be consistent with a shelf setting (Seilacher, 1967; 1978; Frey and Pemberton, 
1984). Burrows in sandstone beds are primarily vertical and include Skolithos, 
Thalassinoides, Ophiomorpha, and rare Rosselia (Fig. 3.12). This association is 
characteristic of the Skolithos ichnofacies and indicates relatively high energy with 
unstable, sandy substrates, and is characteristic of a wide suite of shallow marine 
environments (Seilacher, 1967; 1978; Frey and Pemberton, 1984).
Glauconite and phosphate
The lower sandstone member contains abundant green grains that range in size from 
100 to 500 |im. In thin section these grains display a microgranular texture and primarily 
form rounded pellets (3.15). This material is also found along cleavages and fractures 
within potassium feldspars and as rectangular grains displaying a mica-like texture (Fig.
3.15). An XRD pattern of a randomly-oriented powder sample of these green grains (Fig.
3.16) reveals several reflections typical of the mineral glauconite. The broad and 
asymmetric 001 peak indicates a disordered glauconite (terminology of Burst, 1958; Bentor 
and Kastner, 1965). Electron microprobe analyses were performed on several of these 
grains from a single polished thin section. Oxide weight percents are shown in table 2.
Also shown are the calculated structural formulas, normalized to Oio (OH)2. The amount 
of Fe+2 versus Fe+3 was determined by charge balancing the structural formulas.
A plot of octahedral Fe+3 versus tetrahedral Al+3 shows the Tocito samples to plot 
in the transition zone between ferric illite and glauconite (Porrenga, 1968; Odin and Matter, 
1981; Fig. 3.17). Early suggestions that a compositional gap between illite and glauconite 
exists (Odin and Matter, 1981) have been largely discounted (Weaver, 1989; Dasgupta et 
al., 1990), and frequency distribution curves of the cations in glauconite and illite show 
overlap for each cation (Weaver, 1989). The least overlap is found in octahedral Al, with 
glauconite always containing less than 1.3 Al and illite greater than 1.2 Al per octahedral 
sheet (Weaver, 1989). Because the Tocito samples all contain less than 1.3 Al per 
octahedral sheet (average .922 Al; Table 2), the mineral is assumed to be a true glauconite 
rather than a ferric illite. Also, ferric-illites are most commonly found as laminated clay 
layers and lenses rather than pellets or grains (Porrenga, 1968).
Phosphatic nodules and cements are present within muddy sandstones and as 
rounded intraclasts in sandstones (Fig. 3.18). Microprobe analyses indicate the presence 
of calcium fluoroapatite (Sabins, 1972; and this study). The phosphatic nodules and 
cements also contain numerous quartz and feldspar grains as well as patches of an Fe-rich 
carbonate.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
F ig u re  V 15. I’h o lo iu i cn ig r ap l i s  iit a l auc on i t e s .  A ) D ispe l  sed g la u co n i t e  g r a i n s  ( a  m u  
s a nd s t on e .  B) ( i l a u c o n i t e  (g) r ep la c i ng  p o t a s s i u m  fe ld sp a r  grain.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
8 .0 -
7.2- Glauconite 003,022 + Quartz
oo
C O6.4-
oco5.6-
3  4-8"<D
' 4 .0-
ocscoO <D
O
3.2-
2 .4-
1.6 -
0 .8 -
70.050.0 60.040.020.0 30.010.0
20
Figure 3.16. Trace of x-ray diffraction pattern of glauconite separate from Tocito Sandstone (lower sandstone member).
Location of glauconite peaks are indicated.
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Figure 3.17. Plot of Fe+3 versus tetrahedral Al from a variety of clay samples. Also 
shown is terminology for various compositions. No composition gap is observed between 
illites and glauconites for these ions. The Tocito samples plot in an intermediate position 
between the two extremes. Plot simplified from Porrenga (1968).
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Table 3.2. Oxide weight percents (normalized to 100%) and calculated structural 
formulas for Tocito glauconites. Average structural formula is (AI 9223 Fe+3 543
Fe+2.0037 m §.46) (S13.68 a i .32) ° 1 0  ( ° h )2 (k .48 Na .162 Ca.028)- Note 311 Tocito
Structural Formula Si02 A1203 FeO MgO CaO Na20 K2 0
(A1l 2  Fe+3 43  Mg 3 4 ) (Si3 7 55  Al 2 4 5 ) 
° 1 0 ( ° h )2 (k .45 Na .16 Ca.035)
60.42 19.75 8.35 3.7 0.5 1.3 5.68
(A1.76 Fe+3  .9 m 8.35) (s i3.565 A1.435) 
0 10(OH)2 (K 6 N ao4 C ar a )
55.34 15.92 16.9 3.63 0.47 0.34 7.28
(A1.905 F e+ 3  .66  Mg.47) (Si3.635 ^ .3 6 5 ) 
° 1 0 ( ° h )2(k  .49 Na.19 Ca.025)
57.27 16.97 1 2 .6 4.97 0.4 1.54 6.06
(A11.065 Fe+3.544 F e + 2 .001  MS.425> (Si3.72 A1.28> 
° 1 0 ( ° h )2 <k .395 Na.095 Ca.055)
59.8 18.32 1 0 .6 4.57 0.83 0.78 4.97
(a 11.215 Fe+3.49 Fe+2.01 MS.36) (Si3.675 A1.325) 
° 1 0 ( ° h )2 (k .38 Na.02 Ca.035)
59.58 21.24 9.78 3.92 0.51 0.16 4.81
(A1.675 Fe+3.825 m 8.5> (Si3.69 ^ .3 1 )  
O lO (°H>2(K.525 Na.22 Ca.025)
57.39 13.04 15.5 5.22 0.39 1.78 6.4
(A1.875 F e + 3 .68  m 8.48K s i3.59 ^ .4 1 )  
O 10(°H )2 (K 55  Na 23 5 )
56.28 17.07 1 2 .8 5.04 0 .0 1 1.92 6.74
(A1.79 F e + 3 .68  M8.54)(Si3.7 ^ . 3 ) 
O i0 (OH)2  (K 4 g Na 24  Ca 0 4 )
57.94 14.47 12.9 5.7 0.61 1.93 5.91
(A1.765 Fe+3.695 M8.575)(Si3.62 A1.38) 
O io (°H >2 (K 4 9  Na 31 Cao25)
56.59 15.14 13.1 6.05 0.33 2.5 6 .0 1
(A1.81 Fe+3.74 Fe+2.015 M8.46)(Si3.825 a 1.175> 
° 1 0 ( ° H)2 (K.545 c  a.015)
60.34 13.2 14.4 4.88 0 .2 2 0 6.72
(A1l 07 Fe+3  43  Fe+2  01 5  Mg.53)(s i3.705 ^ .295 ) 
° 1 0 ( ° h )2 (K.375 Na.275 Ca.025)
59.17 18.49 8.62 5.66 0.35 2.25 4.72
Implications of glauconite and phosphate
A voluminous literature addresses the occurrences of both glauconite (Odin and 
Matter, 1981; Van Houten and Purucker, 1984; Weaver, 1989; Odin and Fullager, 1988) 
and sedimentary phosphates (Baturin, 1982; Burnett et al., 1982; Glenn and Arthur, 1990) 
in modem sedimentary environments. The occurrence of glauconites in ancient 
sedimentary rocks has been reviewed by Van Houten and Purucker (1984) and Odin and 
FuUageT (1988), and the common occurrence of glauconite and phosphate in the geologic 
record has been discussed by Cook and McElhinny (1979), Van Houten and Purucker 
(1984), Giresse (1980), and Odin and Letolle (1980). Although there has been 
considerable research effort devoted to the study of these authigenic sedimentary minerals, 
most of this research has focused on their mineralogical characteristics and chemical 
composition. Very little specific sedimentologic or stratigraphic significance can, at 
present, be attached to the presence of these minerals. Two general conclusions that seem 
to emerge from the above studies concern the occurrence of glauconite and sedimentary
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phosphate in the marine environment and the generally low sedimentation rate associated 
with their formation.
Marine indicators - Recent glauconites occur only on shallow marine shelves in 
areas of low detrital sediment input (Odin and Matter, 1981; Van Houten and Purucker, 
1984; Odin and Fullager, 1988). The presence of glauconite is therefore believed to 
indicate normal marine conditions. Likewise, sedimentary phosphate is most commonly 
found on modem continental shelves (Bentor, 1980; Slansky, 1986). However, local 
occurrences of sedimentary phosphate are also found in lagoonal and estuarine settings 
(Pevear, 1966; Giresse, 1980; Cullen, 1990). The present distribution of these minerals in 
modem sedimentary environments does require some caution in interpretation, because 
there is little evidence that they formed entirely in their present location.
Ancient glauconites and sedimentary phosphates are almost exclusively found in 
strata interpreted as marine (Van Houten and Purucker, 1984). This relationship may be 
somewhat misleading because the presence of these minerals is often one of the key criteria 
for a marine interpretation.
Sedimentation rate - Both glauconite and sedimentary phosphate are believed to 
form near the sediment-water interface (and near the oxic-suboxic boundary) and, as such, 
they require sufficient time near the sediment water interface for authigenesis. These 
minerals, therefore, reflect a lower net sedimentation rate as compared to surrounding non- 
phosphatic and non-glauconitic sediments. Glauconite and phosphate are often taken to 
indicate sediment starvation and are used to locate condensed sections within depositional 
sequences (Loutit, et al., 1988).
Vertical and lateral facies relationships (lower sandstone member)
An isopach map of the lower sandstone member shows it to form a northwest- 
southeast oriented thick (Fig. 3.19). The abrupt northeastward thinning coincides with the 
steep southwestern flank of the Waterflow Anticline (refer to chapter 2). The lower 
sandstone member is absent along the crest of the anticline. However, chronostratigraphic 
equivalents are present on the seaward flank of the high (see chapter 2). The thinning is a 
result of both erosion at the base of the upper sandstone (HOF) and depositional thinning 
onto the rising structural feature (SJR). A cross section across this “thick” is shown in 
figure 3.20.
Paleocurrents measured from the crossbedded facies are directed almost entirely to 
the southeast and east-southeast (Fig. 3.19). The only crossbeds in the lower sandstone 
member that indicate a paleocurrent direction other than to the southeast or east-southeast 
are the small superimposed crossbeds found on the foresets of larger crossbeds (Fig.
3.13).
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Figure 3.19. Isopach map of total lower sandstone member of Tocito Sandstone. Data 
from measured sections. The lower sandstone member is seen to form a northwest- 
southeast oriented isopach thick landward of the anticline. Paleocurrents trend somewhat 
parallel to the thickness trend. At the Hogback Oil Field the paleocurrents indicate more 
easterly directed flow.
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Figure 3.20. Cross section across isopach thick of lower sandstone member. Location of section shown in figure 3.19. Datum 
is the base of the upper sandstone member.
The lower sandstone member overlies a bioturbated flooding surface at the top of 
the Gallup Sandstone (Figs. 3.7, 3.8, and 3.20). To the northeast (seaward), the flooding 
surface caps inner-shelf facies (Gallup Sandstone) and is a shelf deflation surface, 
whereas, landward (LSW) the surface overlies middle shoreface facies of the Gallup 
Sandstone and is a ravinement surface. Slightly farther southwest (paleo-landward; at 
RSD) the Torrivio Member truncates a ravinement surface at the top of the Gallup 
Sandstone and is overlain by a thin lower sandstone member (Fig 2.20). This relationship 
is attributed to a facies transition between the lower sandstone member and the Torrivio 
Member, with the Torrivio Member representing the updip source for the lower sandstone 
member. This interpretation is supported by the textural characteristics of these units. The 
coarse sand grains present in the lower sandstone member could only have been supplied 
by the Torrivio Member; the Gallup Sandstone does not contain the coarse population 
present in the lower sandstone member.
The presence of chert pebbles and cobbles, north of the RSD location (Fig. 3.6), 
above the Gallup Sandstone, and at the base of the lower sandstone member are inferred to 
indicate that the Torrivio Member originally extended somewhat farther seaward of RSD. 
The distal portion of the Torrivio Member was therefore reworked during transgression. 
The interpreted facies relationships between the Torrivio Member and the lower sandstone 
member are shown in figure 3.21. As illustrated here, the Torrivio Member and the lower 
sandstone member form an overall retrogradational, or backstepping, stacking pattern.
The lower sandstone member displays a prominent coarsening-upward trend, with 
bioturbated muddy sandstone forming the base everywhere. This coarsening-up trend is 
abruptly terminated by a continuous bed of bioturbated muddy sandstone at the top.
At the SJR, SRW, and PW locations the lower sandstone member shows a gradual 
coarsening upward trend with bioturbated muddy sandstones at the base gradually giving 
way to bioturbated sandstones and crossbedded sandstones at the top. This association is 
illustrated on a number of closely spaced sections at the SJR location (Fig. 3.22). The 
location of these sections is shown in figure 3.23. At this location, the lower sandstone 
member thins towards the Waterflow Anticline, indicating either pre- or syn-depositional 
structural movement The basal interval of bioturbated muddy sandstone forms a seaward- 
thinning “wedge” overlying the shelf deflation surface on top of the Gallup Sandstone. 
Gradationally overlying the basal bioturbated sandstones are burrowed or crossbedded 
sandstones. These lower burrowed and crossbedded sandstones thin northward (paleo- 
seaward) and are interbedded with and replaced by bioturbated muddy sandstones. 
Crossbedded sandstones are most prevalent near the top of the section. Paleocurrent 
directions from these crossbedded sandstones average 127°, subparallel to the isopach trend
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Figure 3.21. Interpreted stratigraphic relationships between lower sandstone member and 
Torrivio Member. Torrivio and lower sandstone member form overall retrogradational 
stacking pattern with multiple landward-stepping ravinement surfaces. The lower 
sandstone member above the Torrivio Member is inferred to have been sourced from 
Torrivio streams located farther updip.
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Figure 3.23. Location map showing location of sections at SJR. Line of section for figure
3.22 also shown. Town of Shiprock is to east.
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(Fig. 3.19). Toward the Waterflow Anticline (northeast) a very thick crossbed set is 
present near the base of the lower sandstone member (Fig. 3.12; location 1 on figure 3.23). 
This thick crossbed set indicates a slightly more eastward-directed paleoflow (110°). A 
bioturbated muddy sandstone bed marks the top of the lower sandstone member (Figs.
3.22 and 3.24).
In the LW area, the lower sandstone member displays a series of coarsening- 
upward packages within an overall coarsening-upward interval (Fig. 3.25) Bioturbated 
muddy sandstones form the base of the interval with crossbedded sandstones at the top. 
Furthermore, bedding planes show a gentle east-southeast dip with crossbedded 
sandstones updip (west-northwest) grading into bioturbated muddy sandstones downdip 
(Fig. 3.25). These small-scale coarsening-upward packages form a series of "shingles' 
(Campbell, 1979) that successively step farther to the northeast (paleo-seaward). A 
bioturbated muddy sandstone bed also marks the top of the lower sandstone member here.
The HOF location is near the Waterflow Anticline, and therefore the lower 
sandstone member is thin here (Fig. 2.21). Here the lower sandstone member shows an 
abrupt coarsening-up pattern with the channel-fill sandstone at the top (Figs. 3.13 and 
2.21). The isopach map of the channel sandstone shows the northwest-southeast oriented 
channel with paleocurrents also directed in an easterly direction (Fig. 3.14). Above the 
channel-fill sandstone is a continuous bed of bioturbated muddy sandstone (Fig. 3.13).
Offshore equivalents
Precise correlation to the seaward side of the Waterflow Anticline cannot be 
accomplished directly from outcrops, since lower sandstone member equivalents are absent 
along the crest (Fig. 3.10). Subsurface correlations and biostratigraphy suggest that the 
offshore (northeastern) equivalents of the lower sandstone member on the seaward side of 
the Waterflow Anticline consist of a interval of bioturbated muddy sandstones to heavily 
burrowed sandstones overlying basal Tocito sandbodies (Fig. 3.10). These offshore 
equivalents also display a coarsening-upward pattern. This coarsening upward pattern is 
typical of this interval (interval 2) in the subsurface San Juan Basin (Fig. 2.28) and 
suggests regional progradation. Although these strata are poorly known, due to a lack of 
exposures, subsurface cores and outcrop exposures at the Mounds suggest similar facies as 
observed in lower sandstone member outcrops ("The Mounds" section in figure 3.10).
At the top of this coarsening upward interval are local sand accumulations (top of 
interval 2 in figure 2.28; top of offshore equivalents of lower sandstone member at "The 
Mounds" section in figure 3.10). McCubbin (1969) constructed an isopach map of the 
sandstone at the top of the offshore equivalents of the lower sandstone member (Fig.
3.26). This map shows the laterally restricted nature of this sandbody and its location just
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Figure 3.24. Bioturbated muddy sandstone at top of lower sandstone member. Sharp 
contact (arrow) is observed between burrowed and crossbedded sandstones (below) and 
bioturbated muddy sandstone (above).
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Figure 3.25 Photomosaic at Lichi Wash (LW in Fig. 3.6) showing coarsening-upward "shingles" of lower sandstone member. 
Crossbedded sandstone grades into bioturbated muddy sandstone in paleoseaward direction (the right in photo).
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Figure 3.26. Isopach map of sandstone at top of offshore equivalents of lower sandstone 
member. Note, a small portion of this isopached interval is probably equivalent to the 
upper sandstone member. Modified from McCubbin (1969).
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seaward of the Waterflow Anticline. Although the majority of the isopach interval 
represents lower sandstone member equivalents, the transgressive erosion surface ES-2 is 
contained within the isopached interval. Therefore, a minor portion of the isopach pattern 
represents interval 3 above erosion surface ES-2 (refer to figure 3.10).
Upper Sandstone Member
The upper sandstone member of the Tocito interval is subdivided into seven facies, 
based on sedimentary structures, grain size, and degree of bioturbation. Facies are: 1) 
burrowed sandstone, 2) interbedded facies, 3) medium-scale crossbedded sandstone, 4) 
large-scale crossbedded sandstone, 5) pebbly sandstone, 6) ripplebedded sandstone, and 7) 
ripplebedded sandstone and laminated shale. Most facies were defined based on detailed 
study of the upper sandstone member at the Hogback oil field, however, these facies are 
present within the upper sandstone throughout the study area. The following section 
describes and interprets individual facies as well as several key surfaces.
Base of upper sandstone member
Description- The base of the upper sandstone is an erosional surface and often 
contains a lag of intrabasinal clasts (Fig. 2.17). This erosion surface corresponds to ES-2 
in the regional subsurface correlations (Fig. 2.27 through 2.30). Intraclasts are primarily 
reworked phosphate nodules and cemented “burrow clasts” (Singh, 1985). At the 
Hogback oil field (Fig. 3.6) the lower sandstone dips gently to the southwest with respect 
to the base of the upper sandstone, such that progressively more of the lower sandstone 
member is truncated to the northeast (see chapter 2). Along the crest of the Waterflow 
Anticline, lower sandstone member equivalents are absent and the upper sandstone 
unconformably overlies pre-Tocito strata.
Typically, the erosion surface beneath the upper sandstone is planar at both a local 
and regional scale, however, at two locations to the north the erosion surface shows a 
relatively steep northeastern margin (Chapter 2; Fig. 2.24). At the PP location the erosion 
surface truncates the upper part of the Juana Lopez Member (refer to chapter 2), and large 
rectangular blocks of Juana Lopez lithologies are incoiporated into the base of the upper 
sandstone member (Fig. 2.23).
Interpretation- The planar nature of the basal erosion surface and the rare occurrence 
of local scour features suggest uniform erosional processes operating over a large 
geographic area. The angular relationship observed at the Hogback oil field and the 
increased truncation along the crest of the anticline indicate a strong tectonic control on the 
erosional pattern. Tectonically elevated regions are the sites of maximum truncation.
Clasts in the basal lag are primarily of intrabasinal origin and lithologic characteristics 
suggest that these clasts are derived from immediately underlying strata (primarily
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phosphatic nodules). The extremely angular appearance of the large rectangular blocks of 
Juana Lopez lithologies suggests minimal transport and they most likely represent 
tectonically fractured blocks of previously indurated limestone.
The above observations and the lack of subaerial indicators suggest that the erosion 
surface at the base of the upper sandstone member (referred to as ES-2 in chapter 2) formed 
as a result of submarine erosion. The uniform, non-channelized erosion surface is most 
consistent with marine currents operating over a broad region. The focusing of erosion on 
tectonically elevated highs is expected in submarine setting as a consequence of an increase 
in bottom shear stress of both waves and currents in shallower waters.
Burrowed sandstone
Description - This facies is distinct within the upper sandstone in that burrows are 
the dominant preserved structure and primary depositional textures are rare. Burrowed 
sandstone is most often found at the base of the upper sandstone member and contains the 
basal pebble lag (Fig. 3.27). The grain size averages 250 pm, primarily consisting of 
quartz and feldspar with a trace to two percent glauconite and up to five percent dispersed 
mud. Inoceramid shell fragments are also present. Where visible, sedimentary structures 
include low-angle sub-horizontal stratification, tabular-tangential cross stratification, and 
rare trough cross-stratification. Heavily burrowed sandstone beds (5-30 cm thick) alternate 
with thinner more intensely burrowed muddy sandstones (Fig. 3.27). Muddy sandstone 
interbeds lack continuous shale laminations. Occasionally, solitary sets of lesser- 
burrowed, cross-stratified sandstones are observed encased in bioturbated sandstones.
Thin lenses of bioturbated lime mudstone are locally present and display horizontal or 
massive bedding (Fig. 3.27). These limestone beds also contain numerous burrows. 
Within this facies there is typically an upward decrease in burrowing from complete 
bioturbation at the base to an arbitrary lower cut-off of forty percent at the top.
Interpretation - Although the abundance of burrowing inhibits analysis of primary 
structures, rare cross bed sets suggest the presence of migrating bedforms. Tabular- 
tangential crossbeds suggests straight to slighdy sinuous, two-dimensional dunes (Harms 
et al., 1982). The precise origin of the low-angle stratification cannot be deduced from 
observations within these facies. Similar, better exposed structures within adjacent facies 
suggest that they may be toesets and bottomsets of dunes (Allen 1980; 1982). Isolated 
small crossbed sets reflect short term high energy conditions resulting in rapid bedform 
migration.
This facies contains the finest grain sizes, most abundant burrows, and the only 
occurrence of limestone within the upper sandstone member. These characteristics suggest 
relatively low depositional rates. Alternating brief periods of bedform migration with
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Figure 3.27. Photographs of burrowed sandstone facies. Photos from HOF location (Fig. 
3.6). A) Burrowed sandstone facies of upper sandstone member. Location of basal 
intraclasts is indicated (arrow). B) Horizontally-bedded lime mudstone bed in burrowed 
sandstone facies. Limestone is light colored.
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relatively long periods of quiescence are indicated. These results contrast sharply with 
other facies where intervening quiescent intervals were of much shorter duration.
Although glauconite is present in the upper sandstone member, it is much less 
common than in the lower sandstone member. Glauconite grains are also most prevalent at 
the base of the upper sandstone member and decrease upward. Phosphatic material is only 
found as detrital clasts in the upper sandstone member and not as authigenic nodules.
These observations suggest that the phosphate and glauconite present in the upper 
sandstone member were primarily derived from reworking of the lower sandstone member, 
and that glauconite and phosphate authigenesis were minimal during deposition of the 
upper sandstone member.
Interbedded facies
Description - This facies consists of sandstone beds and thinner, heterolithic 
sandstone/mudstone interbeds (Fig. 3.28). Typical grain sizes range from 250 to 350 |im 
with a trace to two percent glauconite and up to five percent intrabasinal lithoclasts. 
Burrows are common, but less so than in the burrowed sandstone. Heterolithic interbeds 
are typically more heavily burrowed than sandstone beds, but physical structures are 
usually dominant. Sandstone-shale ratios range from subequal (fifty/fifty) to ninety-five 
percent sandstone. Sandstone beds range from five to twenty-five cm thick. Structures 
within sandstone beds include low-angle, tangential crossbedding and high-angle, tabular 
tangential crossbedding. Low-angle tangential beds are often observed to thicken and 
become steeper in the upcurrent direction (3.28).
Heterolithic interbeds range from 2 to 15 cm thick and consist of thin, ripplebedded 
and horizontally stratified sandstones interbedded with shale (Fig. 3.28). Sandstones 
within the heterolithic interbeds range from a single sand grain to 2 cm thick, and 
mudstones range from millimeter drapes to 5-cm-thick beds (Fig. 3.28). Heterolithic 
interbeds display stratification patterns similar to those described by Reineck and 
Wunderlich (1968) including wavy, lenticular, and rare flaser bedding. Rarely, sandstone 
beds in heterolithic interbeds display wave-rippled upper bedding surfaces (Figure 3.28).
Interpretation - This facies reflects deposition of bottomset beds in the lee of small 
and medium-scale dunes. Observations of individual sandstone beds thickening upcurrent 
into foresets and mudstone interbeds thinning and forming shale drapes on foresets indicate 
deposition of toe- and bottomsets of migrating dunes ( as in: Boersma, 1969; Anderton, 
1976; Johnson, 1977; Homewood and Allen, 1981; Yang and Nio, 1985). In many 
instances thick intervals of these bottomset deposits are present with equivalent foreset beds 
lacking (as in Fig. 3.28). These thicker intervals result from the preferential preservation 
of bottomset beds and erosion of the equivalent foresets. This would result as a
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Figure 3.28. Photographs of interbedded facies, HOF location (Fig. 3.6). A) Interbedded 
facies in upper sandstone member. Note that some beds thicken and merge with foreset 
beds in upcurrent direction. This particular example contains subequal ratios of sandstone 
and shale. B) Heterolithic interbeds in interbedded facies. Strata were deposited in the lee 
of dunes as bottomset deposits. WR=wave rippled bedding plane.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
consequence of both the greater quantities of cohesive sediment (mud) within bottomset 
deposits and their lower profile.
Ripple stratification and wave-rippled bedding planes suggests combined wave and 
current activity in the lee of the dunes. The presence of finely laminated shale drapes 
within heterolithic interbeds indicates rapid alternations between sand and mud deposition. 
Small, tangential crossbed sets found in this facies (Fig. 3.28) represent local preservation 
of small-scale dunes.
Medium-scale crossbedded sandstone
Description - This facies consists of crossbedded sandstones with set thicknesses 
ranging from 30 to 100 centimeters. The upper limit of one meter serves to separate this 
facies from the large-scale crossbedded sandstone facies. Crossbed sets are typically 
separated by 1 to 10-cm-thick intervals of heterolithic interbeds of horizontally-laminated 
and ripplebedded sandstones and shales. Grain sizes range from 250 to 500 (im with 
scattered 1 to 2 millimeter quartz grains. Intrabasinal phosphate and burrow clasts are 
locally abundant with lesser extrabasinal chert pebbles. Shale clasts are present on some 
foresets. Burrows are less common than in previously described facies.
Crossbed sets are tabular to wedge shaped with planar or tangential bases which 
often display along-set alternations between planar and tangential foresets (Fig. 3.29). Sets 
typically occur in cosets a few meters thick. Set length parallel to transport is typically 
short, on the order of a few tens of meters (Fig. 3.29). Crossbed sets terminate by 
depositional thinning or low-angle truncation. Angle of foreset dip varies greatly along the 
length of a set, ranging from greater than 25° to less than 10°. Foreset beds downlap onto 
lower set boundaries with little evidence of erosion.
Foreset beds may contain thin, millimeter-scale mud drapes, that overlie truncation 
surfaces (Fig. 3.29). Some truncation surfaces lack mud drapes. Rarely these surfaces 
truncate the entire crossbed set. Subsequent foresets downlap onto either the truncation 
surface or, if present, onto mud drapes.
Compound crossbeds are present with set boundaries dipping approximately 10° in 
the downcurrent direction (Fig. 3.30A). Crossbed sets within the compound cosets are 
approximately 10 to 20 cm thick, and foresets dip in the same direction as the set 
boundaries.
Interpretation - Bedforms responsible for formation of the tabular tangential 
crossbeds were medium to large, two-dimensional dunes. Heterolithic interbeds represent 
bottomset and toeset deposits formed in the lee of the migrating dunes. The prevalence of 
these bottomset beds indicates abundant sediment settling out of suspension (Jopling,
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Figure 3.29. Medium -scale crossbedded facies. Foresets change from low-angle in upcurrent direction to angle of repose. 
Thick bottomset beds present beneath foresets. Some mud drapes are indicated (m).
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Figure 3.30. Photographs of upper sandstone facies. A) Compound crossbeds in 
medium-scale crossbedded facies. Set boundaries dip at approximately 10°, in the same 
direction as foresets (southeast). E) Large -scale crossbedded facies. Bottomset beds (bs) 
present beneath foresets. Some mud drapes are indicated (md).
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1963). The downcurrent changes in set geometries and abundance of mud drapes indicate 
fluctuating flow conditions (i.e. velocity and/or direction; Rubin, 1987).
Compound crossbeds with consistent downcurrent-dipping set boundaries and 
foresets at a high angle to the lower set boundary may result from smaller dunes migrating 
down the lee side of medium to large-scale dunes (Rubin, 1987). Similar compound 
crossbedding has been described from many environments including tidal, fluvial, and 
eolian (see Allen, 1982 p. 372). Another possibility is that this stratification pattern formed 
as a consequence of flow reversals resulting from tidal action (Allen, 1982). This 
possibility will be discussed in more detail in a later section.
Large-scale crossbedded sandstone
Description - This facies consists of crossbedded sandstones with set thicknesses 
from 1 to 3 meters, and differs from the prior facies in that it consists of isolated sets 
traceable over “flow parallel” distances of several hundred meters. Grain sizes range from 
350 to 500 pm with scattered 1 -2  mm quartz grains, and pebbles concentrated on foresets 
and upper set boundaries. Burrows are rare in this facies.
Crossbed sets are primarily tabular with both tangential and angular foresets (Figs. 
3.30B and 3.31). As in the medium-scale crossbedded facies, crossbed sets show a 
repetitive alternation between tangential foresets with extensive bottomsets and angular 
foresets lacking bottomsets (Fig. 3.31). These alternations typically occur on spatial scales 
of decimeters to a few meters. Also, as in the medium-scale crossbedded facies, foresets 
contain mud drapes, mud couplets, and subtle truncation surfaces (Fig. 3.30B). Mud 
drapes are most abundant in bottomset beds and are commonly truncated near the transition 
from bottomset to foreset bedding (Fig. 3.31). Aerial photographs of these crossbeds 
shows them to form broad curved sets on the order of several hundred meters across 
(Figure 3.32).
Soft sediment deformation features are locally common within this facies and 
include water escape structures, both small and large recumbent folds, synsedimentary 
faults, and contorted stratification (Fig. 3.33A).
Interpretation - Their "isolated" nature, curved set boundaries, and internal 
stratification pattern indicate that this facies formed as a result of the buildup and decay of 
large to very large, three-dimensional, solitary dunes (Rubin and McCulloch, 1980). The 
along-set changes in set geometry and the abundance of mud drapes indicate fluctuating 
flow conditions (i.e. velocity and/or direction; Rubin, 1987).
Contorted stratification and water escape structures indicate liquefaction and 
dewatering of unconsolidated sediments. Overturned crossbeds indicate high velocity
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Figure 3.31. Large-scale crossbedded facies. Alternating tangential (t) and angular (a) 
foresets. Thick bottomsets (bs) associated with tangential foresets. Some mud drapes 
(md) near bottom of foresets.
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Figure 3.32. Aerial photograph of large-scale crossbeds. Shows broad curved sets on the order of several hundred meters 
across. From Campbell (1979).
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Figure 3.33. Photographs of upper sandstone facies at HOF (Fig. 6). A) Contorted 
stratification in large-scale crossbedded facies. B) Erosion surface (ES) at base of pebbly 
sandstone facies. Pebbly sandstone facies overlies interbedded and medium-scale 
crossbedded facies . This surface can be traced for several hundred meters along the 
outcrop.
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flows and accompanying high shear stresses resulting in progressive deformation of the 
underlying liquefied beds (Lowe, 1975; Reineck and Singh, 1980).
Pebbly sandstone
Description - This facies is locally present near the top of the upper sandstone 
member. Grain sizes range from 350 to 1000 |tm with many 1 -2  millimeter quartz grains. 
Pebbles comprise 5 to 25 percent of this facies. Chert pebbles are also present Broken 
and abraded inoceramid shell fragments are locally abundant Interbedded shale is least 
common in this facies. Burrowing ranges from unburrowed to complete bioturbation.
Sedimentary structures include low-angle, tabular-planar cross stratification, and 
trough crossbedding. Crossbed sets are on the order of a few decimeters thick and often 
arranged in amalgamated cosets. Compound crossbedding is present in cosets up to one 
meter thick. This facies overlies a sharp erosion surface that extends for several hundreds 
of meters and slightly truncates underlying strata (Fig. 3.33B). Laterally, however, the 
erosional surface disappears and pebbly sandstone grades into pebbly, interbedded facies.
Interpretation - Sedimentary structures in the pebbly sandstone facies reflect 
migration of small, coarse grained two- and three-dimensional dunes. The sharp basal 
erosion surface, coarse grain size and paucity of mud suggest slightly higher energy 
conditions than for preceding facies.
Ripplebedded sandstone
Description - A ripplebedded sandstone facies is locally found at the top of the 
upper sandstone. Grain sizes average 150 to 200 |im, with locally abundant shell 
fragments and pebbles. Burrowing is patchy with some intervals completely bioturbated. 
Ripplebedded sandstone is typically well-cemented by calcite, especially in heavily 
burrowed intervals. Sedimentary structures are predominantly wave and combined-flow 
ripple cross stratification with wavy bedding planes. Above the ripplebedded sandstones 
there is a rapid transition into dark, laminated shales of the Mulatto Tongue of the Mancos 
Shale (Fig. 3.9). This transition occurs over a few centimeters and is characterized by an 
abrupt decrease in burrows.
Interpretation - The ripplebedded sandstone represents the activity of waves and 
combined waves and currents and reflects cessation of strong currents. Its presence at the 
top of the upper sandstone member and its close association with overlying marine shales 
suggest that it represents the deepest water of any of the upper sandstone member facies.
Ripplebedded sandstone and laminated shale
Description - This facies is geographically restricted to a few locations along the 
crest of the Waterflow Anticline (locations RHR and CC; Fig. 3.6). It consists of thin (< 4 
cm thick) combined flow ripples interbedded with laminated shales (Fig. 3.34). Bedding
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Figure 3.34. Photographs of upper sandstone facies. A) Ripplebedded sandstone and 
laminated shale. This facies is restricted to locations near RHR and CC (Fig. 3.6). Here, 
the upper sandstone member can be entirely composed of this facies (up to 10 in). B) 
Pseudopema congesta oysters in growth position on inoceramid shell.
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styles include wavy, lenticular, and flaser bedding. Bedding planes often display wave 
rippled upper surfaces (Fig. 3.34). The grain size in sandstone beds ranges from 250 to 
350 |im with abundant pebbles. Burrows are relatively scarce except for a few thin 
bioturbated beds. Thin tabular-tangential crossbeds are locally present with set lengths of 
only a few meters.
Interpretation - The intimate association of relatively coarse-grained ripples and 
laminated shales suggests rapid fluctuations in flow conditions. Similar facies have been 
described from numerous environments including tidal flats (Reineck and Singh, 1975), 
delta fronts (Coleman and Gagliano, 1965), and shallow marine shelves (de Raaf et al., 
1977).
Upper contact
Description - Near the top of the upper sandstone member is a thin bed of oysters 
(Pseudoperna congesta). In some sections this oyster bed is found in ripple-bedded 
sandstones, in which case it is usually the physical top of the preserved outcrop. In other 
sections it is found on top of pebbly crossbedded sandstones, in which case there is usually 
a few decimeters of ripplebedded sandstones above. Oysters are often present in growth 
position, sometimes colonizing large inoceramid shell fragments (Figure 3.34).
Interpretation - The presence of abundant oysters in growth position indicates 
stabilization of the underlying substrate and a decrease in sediment movement. This 
transition indicates a cessation of active sedimentation associated with the upper sandstone 
member. Subsequently the upper sandstone member was buried by marine shales of the 
Mulatto Tongue (Fig. 3.9).
Trace fossils
A wide variety of trace fossils have been identified in the upper sandstone member 
(Fig. 3.35). Burrowed sandstone contains the highest abundance of burrows and the 
large-scale crossbedded and pebbly sandstone contains the least In the interbedded facies 
burrows are most abundant in heterolithic interbeds and in both crossbedded facies 
burrows are most abundant in heterolithic bottomset deposits.
Burrows in crossbedded sandstones are indicative of the Skolithos ichnofacies, and 
include Ophiomorpha, Rosselia, Thalassinoides, and Skolithos (Figs. 3.36 and 3.37). 
Heterolithic bottomset beds between crossbed sets and the majority of the interbedded 
facies contain burrows indicative of the Cruziana ichnofacies including Thalassinoides, 
Paleophycus, Planolites, Trichichnus, Teichichnus, and Asterosoma. The interbedding of 
the Skolithos and Cruziana ichnofacies reflects temporal and spatial variations in 
environmental conditions (Pemberton and Frey, 1984). The Skolithos ichnofacies 
indicates suspension-feeding organisms in relatively high energy environments with
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Figure 3.35. Burrows in upper sandstone member. A) Burrowed sandstone facies. 
Predominantly Skolithos. B) Heterolithic interbeds. A=Asterosoma.
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Figure 3.36. Burrows in crossbedded sandstone facies. A) Rosselia. B) Skolithos.
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Figure 3.37. Ophiomorpha in crossbedded sandstone.
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unstable, shifting sandy substrates, whereas the Cruziana ichnofacies reflects the activity of 
deposit feeding organisms in relatively low energy environments (Frey and Pemberton, 
1984). Vertical alternations between the Skolithos and Cruziana ichnofacies have been 
described from storm influenced shelf deposits (Pemberton and Frey, 1984). In their 
study, the Skolithos ichnofacies was found in hummocky-stratified sandstones and the 
Cruziana ichnofacies occupied adjacent mudstones. This relationship is interpreted by 
Pemberton and Frey (1984) to reflect the periodic emplacement of storm-derived sands into 
the shelf environment and the opportunistic behavior of Skolithos-facies burrowers. The 
distribution of Skolithos and Cruziana ichnofacies in the upper sandstone indicates spatial, 
as well as temporal variations. The Skolithos ichnofacies is present in deposits formed by 
migrating bedforms (crossbedded sandstones), and the Cruziana ichnofacies is present in 
the laterally equivalent bedform troughs (heterolithic bottomsets).
Identified burrows in the burrowed sandstone facies include those of both the 
Cruziana and Skolithos ichnofacies (Planolites, Asterosoma, Rosselia, Paleophycus, 
Thalassinoides,, Teichichnus, Skolithos, Trichichnus, and Ophiomorpha.-, Fig. 3.35).
This amalgamation of the Cruziana and Skolithos ichnofacies is believed to indicate 
fluctuations in environmental conditions. During times of relatively strong currents and 
bedform migration, Skolithos facies ichnofauna colonized migrating bedforms and during 
the intervening quiescent intervals the sediments were reburrowed by Cruziana facies 
ichnofauna.
Although the trace fossils recorded from the upper sandstone have been most 
commonly reported from entirely marine facies, many of them have also been reported 
from strata interpreted as brackish-water, estuarine deposits (Wightman et al., 1987; 
Benyon et al., 1988). Therefore, no strict differentiation between marine and brackish 
water can be made from the ichnofauna. Studies of the ichnofauna from estuarine facies 
and open marine facies have shown higher diversity in open marine facies (Ekdale, 1988).
A study of the lower Cretaceous shallow marine to coastal plain facies in Alberta 
(Ranger and Pemberton, 1991) demonstrates the increased diversity in open marine facies 
and the dominance of a mixed Skolithos-Cruziana ichnofacies in shallow marine 
environments with fluctuating currents and/or waves (Fig. 3.38). The relatively high 
diversity of fauna (> 10 ichnospecies) and the mixed Skolithos-Cruziana ichnofacies in the 
Tocito interval is best explained as a result of normal marine salinities. Furthermore, in 
their study, a number of the trace fossils found in the Tocito interval, were only present in 
open marine facies. The trace fossils Rosselia, Thalassinoides, Terebellina, Chondrites, 
Teichichnus, and Planolites were not found in marginal marine facies (Ranger and 
Pemberton, 1991; Fig. 3.38).
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The upper sandstone member contains large amounts of fossil debris and numerous 
intact body fossils have been collected. These fossils have been identified by W.A.
Cobban or E. G. Kauffman and include the oyster, Pseudoperna congesta, the inoceramids 
Volviceramus involutus, and Platyceramus platinus, and the ammonites Peroniceras 
westphalicwn and Gauthiericeras roqueii. The presence and abundance of these fossils 
strongly suggest normal marine salinities.
Vertical and lateral facies relationships Cupper sandstone member)
The upper sandstone member varies in thickness from that of a single crossbed up 
to a maximum of approximately 17 m, and forms a series of northwest-southeast oriented 
isopach thicks (Fig. 3.39). At all locations the upper sandstone member overlies erosion 
surface ES-2 and displays a generally blocky vertical textural trend with the Pseudoperna 
congesta layer at the top.
Paleocurrents from the upper sandstone member, as for the lower sandstone 
member, are primarily directed to the southeast (Fig. 3.39). Some crossbeds at the HOF 
location do indicate northwestern paleoflow (tail on HOF current rose). However, 
paleocurrent indicators from large-scale crossbed sets are entirely to the southeast All 
wave ripple crests in the upper sandstone member are oriented northwest-southeast, 
indicating wave approach from the northeast
Along the crest of the Waterflow Anticline (RHR to PP) the upper sandstone 
member consists of a thick interval of primarily ripplebedded sandstone and laminated shale 
to the south and a thin interval of interbedded facies and medium-scale crossbedded 
sandstone to the north (Fig. 3.40). In this area the upper sandstone displays a subtle 
fining-up textural trend with finer-grained, calcareous, ripplebedded sandstones at the top.
At locations landward of the anticline the upper sandstone consists primarily of a 
relatively thin (< 5 m) assemblage of the previously described facies (Fig. 3.41).
However, at the HOF and LSW locations the upper sandstone forms a thick, complex 
association of these facies (Fig. 3.39).
Hogback oil field - Outcrops of the upper sandstone member at the HOF location 
(Fig. 3.39) provide continuous outcrop exposures and three-dimensional control useful for 
documenting the facies architecture of one of these isopach thicks in the upper sandstone 
member. Thirty-two closely spaced sections have been measured at this location (Fig.
3.42) and incorporated into a series of cross sections and isopach maps. Also, three 
shallow cores were taken at this location and incorporated in the analysis. The facies 
geometry is shown on two cross sections (Fig. 3.43), and also in a series of isopachs of
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Figure 3.39. Isopach map of upper sandstone member of Tocito Sandstone. Data from 
measured sections. Underlined thickness values indicate minimum values. Unlike the 
lower sandstone member, the upper sandstone member is present on the crest of the 
anticline. Two isopach thicks are present and a detailed isopach of the HOF location is 
shown in figure 3.44. Paleocurrents trend somewhat parallel to the thickness trend. A few 
northwest paleocurrents are recorded at HOF (tail on current rose).
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individual facies. Facies correlation was aided by analysis of photomosaics and tracing of 
facies contacts in the field.
The isopach pattern of the total upper sandstone member shows an overall 
northwest-southeast orientation of the sandbody (Fig. 3.44). The north-south cross 
section is oriented roughly perpendicular to, and the east-west section subparallel to the 
trend of this sandbody.
On both cross sections the base of the upper sandstone is marked by an erosion 
surface which forms an angular unconformity with the underlying lower sandstone member 
(Fig. 3.43). Burrowed sandstone forms the base of the upper sandstone member 
throughout this area and contains a basal lag of intraclasts. This facies is the most laterally 
persistent of all facies and forms a continuous "sheet" at the base of the upper sandstone 
member (Fig. 3.45). Burrowed sandstone is gradationally overlain by either the 
interbedded facies, medium-scale crossbedded sandstone, or rarely the large-scale 
crossbedded sandstone (Fig. 3.43). This transition is associated with a coarsening-upward 
textural trend and a relatively rapid decrease in burrowing. To the south (downcurrent and 
slightly landward?), interbedded facies is the predominant facies (Fig. 3.46), whereas, to 
the north and west (upcurrent and seaward toward the anticline) medium-scale crossbedded 
sandstone is predominant (Fig. 3.47).
The large-scale crossbedded sandstone forms northwest-southeast oriented, 
elongate isopach thicks within the upper sandstone member (Fig. 3.48). Individual large- 
scale crossbed cosets are shown to be approximately 100 - 300 m wide (Fig. 3.43). The 
strike-oriented cross section (east-west) cuts obliquely across these cosets and gives a 
minimum elongate dimension of approximately 300-500 m. Isopach thicks in this facies 
coincide with isopach thicks of the total upper sandstone member (compare figures 3.44 
and 3.48) which suggests that much of the thickness variation in the upper sandstone 
member is created by the spatial distribution of this facies.
The pebbly sandstone occurs near or at the top of the upper sandstone member in 
the northern and western part of this area. As mentioned previously, the base of the pebbly 
sandstone is often sharply erosive (Fig. 3.33). The pebbly sandstone forms a relatively 
thin sheet-like unit throughout the (northern, upcurrent) outcrops and also displays subtle 
linear, isopach thicks, that also appear to trend northwest-southeast (Fig. 3.49). Pebbly 
sandstone grades laterally into interbedded facies that also contains pebbles. Beneath the 
interbedded facies the erosional surface disappears and the contact appears gradational.
The ripplebedded facies is found at the top of the upper sandstone member and 
often contains the Pseudoperna congesta layer. In the northern sections this oyster layer is 
found on top of pebbly sandstone in which case there is a few decimeters of ripplebedded
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Figure 3.44. Isopach map of total upper sandstone member at HOF. Shows northwest- 
southeast orientation of sandbody. Paleocurrents are predominantly to the southeast with a 
minor component to the northwest.
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Figure 3.45. Isopach map of burrowed sandstone of upper sandstone member (HOF). 
This facies forms the base of the upper sandstone member and contains a basal pebble lag. 
This facies also shows the least thickness variation of all facies.
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Figure 3.46. Isopach map of interbedded facies of upper sandstone member (HOF). This 
facies forms the majority of the upper sandstone member to the south.
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Figure 3.47. Isopach map of medium-scale crossbedded sandstone of upper sandstone 
member (HOF). This facies forms the majority of the upper sandstone member to the north 
and west.
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Figure 3.48. Isopach map of large-scale crossbedded sandstone of upper sandstone 
member (HOF). This facies forms northwest-southeast oriented thicks, with the maximum 
thickness corresponding to the maximum thickness of the total upper sandstone member.
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Figure 3.49. Isopach map of pebbly sandstone of upper sandstone member (HOF). This 
facies is confined to the northern part of the study area, where it is located near the top of 
the upper sandstone member. Pebbly sandstone overlies a distinct erosional surface and 
forms a ribbed, "sheet-like" map pattern with subtle northwest-southeast oriented thicks.
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sandstone above. Above the ripplebedded sandstone the upper sandstone member grades 
rapidly into marine shales of the Mulatto Tongue (Fig. 3.9).
Offshore equivalents
Equivalents of the upper sandstone member on the seaward side of the Waterflow 
Anticline are partially preserved in outcrops at the Mounds, CO. At this location a single 
crossbed set overlies a distinct erosional surface (Fig. 3.10; Chapter 2). This upper 
sandstone is only partially preserved and is truncated by much later (Late Tertiary?) 
erosion, and overlain by Pliocene? terrace gravel. Subsurface correlations indicate that 
upper sandstone equivalents at the Horseshoe oil field and throughout the subsurface San 
Juan Basin are a series of relatively thin (5 -10 m) blocky sandbodies overlying erosion 
surface ES-2 (Figs. 2.28 and 2.29). These sandbodies are only locally developed and 
form northwest-southeast elongate sandbodies (Matheny, 1981). This interval also forms 
part of the interval isopached by McCubbin (1969; Fig. 3.27) and probably enhances the 
northwest-southeast orientation of the isopach pattern. The Mulatto Tongue of the Mancos 
Shale overlies these sandbodies.
Hvdrodvnamic Implications (Lower And Upper Sandstone Members’)
General
The prevalence of high-angle crossbeds indicates that currents were the primary 
sediment transport mechanism. The abundance of tabular-tangential crossbeds and lack of 
erosional channels suggests relatively unconfined flows. Extensive toe- and bottom-sets 
formed in the troughs of the dunes indicate that a high proportion of the sediment settled 
out of suspension during bedform migration. The influence of waves is indicated by the 
presence of wave ripples. Wave-generated structures (ripples) are most common along the 
crest of the Waterflow Anticline and at the top of the upper sandstone member, however, 
they are also common in bottomset deposits.
Water depth and current velocity
The lack of subaerial exposure indicators (mud cracks) and the presence of wave 
ripples suggests that all of the Tocito interval was deposited in a subtidal setting. The 
presence of wave ripples indicates that deposition was above the maximum water depth 
influenced by waves, whereas, the presence of laminated mud drapes suggests that the 
sandbodies were deposited out of the zone of constant wave activity (below fair-weather 
wave base or in a sheltered environment). Some additional precision may be supplied by 
the occurrence of the large-scale crossbed sets which are present near the top of the lower 
sandstone member and throughout the upper sandstone member. An approximation of the 
water depth required for formation of these large crossbeds can be obtained by comparison 
to data from natural dunes and flume studies (Rubin and McCulloch, 1980). These data
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show that the mean height of a two-dimensional dune is typically less than or equal to one- 
sixth of the mean flow depth (Allen, 1963; Rubin and McCulloch, 1980). Sediment size is 
also an important parameter determining bedform size, but for relatively coarse sediments 
(< 300 - 500 |im) the above relationship seems to be valid (Dalrymple et al., 1978; Rubin 
and McCulloch, 1980). The maximum preserved set thickness of any crossbed set in either 
the upper or lower sandstone members is approximately 3 m. Because the upper set 
boundaries are horizontal and overlain by bottomsets of the overlying crossbed set, it is 
reasonable to assume near-complete bedform preservation. Using these values, a minimum 
water depth for deposition of these large-scale crossbedded sandstones would be about 18 
m. The above data suggest that reasonable water depth estimates for deposition of the 
Tocito interval are on the order of ten to a few tens of meters. Assuming the above water 
depths and an average grain size for the crossbedded facies of between 350 and 500 (im, 
the large-scale dunes would migrate and be stable at velocities between 75 and 175 cm-sec" 
1 (Rubin and McCulloch, 1980, their figure 12).
Tidal indicators
Many of the sedimentary structures in the Tocito suggest frequent fluctuations in 
currents (velocity and direction). These structures are probably most readily explained as a 
result of variations in current velocity and direction arising from tidal flows. Numerous 
studies have documented sedimentary structures formed by tidal currents. Studies include 
those of modem subtidal settings (primarily estuaries), studies of ancient inferred tidal 
strata, and theoretical considerations. These studies have documented that textural 
variations due to the daily tidal cycles reflect a dominant current, a slackwater following the 
dominant current, a subordinate current, and the slackwater following the subordinate 
current. This process is the same in areas with semi-diurnal tides, leading to a velocity 
asymmetry related to the difference in current velocities of successive tides. Velocity 
variations due to the lunar monthly cycle result in fortnightly inequalities of tidal currents 
with higher tidal velocities during the full and new moon (spring tides) and lower velocities 
during the first and third quarters (neap tides). Although time-velocity asymmetries due to 
longer term solar and lunar cycles exist, their influence on primary sedimentary structures 
is mostly undetermined.
Specific structures within the Tocito interval which indicate tidal currents include:
1) heterolithic stratification including wavy, lenticular, and flaser bedding, 2) double mud 
drapes, 3) tidal bundles and bundle sequences, 4) alternating angular and tangential 
foresets, and 5) rare herringbone crossbedding. Some of these individual stratification 
types are discussed below.
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Mud drapes and heterolithic strata - Small-scale sand to mud alternations are 
abundant within the Tocito interval, and range from mud-rich, lenticular, wavy, and flaser- 
bedded bottomsets (Figs. 3.28 and 3.50) to sub-millimeter mud drapes on foreset beds 
(Fig. 3.51). These alternations require repetitive velocity fluctuations ranging from those 
necessary for transport of coarse sand grains to below those necessary for mud deposition. 
This stratification also requires the velocity fluctuations to occur within a time frame such 
that delicate laminations are not destroyed by burrowing organisms. Although alternating 
mud and sand deposition can result from a variety of mechanisms, such as periodic storms 
or floods, the abundance of this bedding style and especially the presence of thin delicate 
shale laminations on foresets is thought to require velocity fluctuations on the temporal 
scale of tidal currents.
Studies incorporating data from both flume studies and field observations of 
modem subtidal environments (primarily estuaries) demonstrate that uncompacted mud 
drapes ranging from a few millimeters up to 1 cm in thickness may be deposited and 
preserved during a single tidal slackwater event (Terwindt, 1981). The thickness of the 
mud drape depends on the near-bed suspended sediment concentration and the duration of 
the slackwater event. The lower values (millimeters) assume near-bed suspended sediment 
concentrations of 100 mg/1 and a short (.5 hr) slackwater, the upper value of 1 cm assumes 
near-bed suspended sediment concentrations of 1000 mg/1 and a long (3 hr) slackwater 
(Terwindt, 1981). Field and flume studies indicate that the critical velocity for mud 
deposition is approximately .2 m/s. Below this value, mud floccules settle out of the water 
column with mean fall rates of .4 mm/sec (Terwindt, 1981). The newly deposited mud 
drape is observed to consolidate rapidly and be stable during the next tidal cycle if current 
velocities do not exceed 45 cm/s (Terwindt, 1981). Mud drapes formed in the trough of 
the bedform are more likely to be preserved than those on the crest of the bedform, because 
of decreased velocities in the troughs (Reinich and Wunderlich, 1968).
These data from modem tidal environments suggest that compacted Tocito mud 
drapes of less than 1 cm in thickness could represent the deposits of a single tidal 
slackwater event. Thicker mud drapes, such as those shown in figure 3.51 (B) commonly 
are observed to contain thin rippled sand layers that pinch out laterally. These sand layers 
can be as thin as a single sand grain in thickness. These thicker mud drapes are most 
common in the bottomset beds and probably represent the amalgamation of several 
slackwater events with little intervening sand deposition. This interpretation is consistent 
with observations from modem tidal settings, where ripples within the troughs of dunes 
may only migrate during the spring tide. Relatively thick mud drapes form during the neap 
tide when ripples are largely inactive (Terwindt, 1981).
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Figure 3.50. Tidal structures in Tocito Sandstone. A) Heterolithic stratification in 
bottomset beds of Tocito Sandstone. Mostly wavy to lenticular stratification. B) Flaser 
bedding in shallow core at HOF.
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Figure 3.51. Tidal structures in Tocito Sandstone. From shallow core at HOF. A) Delicate mud drapes on foresets of large- 
scale crossbedded sandstone. From shallow core at HOF. B) Thick mud drape in bottomset beds. Note upward increase in 
sand/shale ratio, and thin sand layer in mud drape. Also note possible double mud drape within sandstone (arrow).
-j
Double mud drapes - The presence of double mud drapes also suggests tidal 
currents, with mud drapes forming during both the slack water periods prior to, and 
subsequent to the subordinate flow (Visser, 1980). Furthermore, double mud drapes 
require a subtidal setting, because in intertidal zones only a single mud drape is created 
subsequent to the flood tide. The intervening sand, between the double mud drapes, 
represents the deposits of the subordinate current Double mud drapes are common in the 
Tocito interval (Figs. 3.51 and 3.52). More often, however, the lower drape following the 
dominant current is reworked by the subordinate current (Visser, 1980) and only one drape 
is well preserved (Fig. 3.51 A).
Tidal bundles - Mud-drapes on foresets are common throughout the Tocito interval 
(Figs. 3.30,3.31, and 3.52) with spacings between draped foresets ranging from cms to 
tens of meters (Fig. 3.52). Toeset beds contain many drapes not preserved on equivalent 
foreset beds (Fig. 3.31). Tracing the draped surfaces from toesets into equivalent foresets 
and measuring the distance between correlative foreset beds yields along-set spacings 
between mud-draped surfaces ranging from a few cms up to approximately 80 cm (Fig. 
3.53). These foreset beds, bounded by mud drapes or their correlative surfaces, are 
interpreted as “tidal bundles” (Boersma, 1969; Visser, 1980). A tidal bundle consists of 
the sediment deposited on a bedform during a single dominant tidal current (Boersma,
1969; Visser, 1980), and is bounded below by sediment deposited during the slackwater 
after the subordinate current, and above by sediment deposited during the post-dominant 
slackwater. Bundle thickness, measured perpendicular to the foresets, is proportional to 
(approximately 50 percent of) the distance the bedform migrates during a single dominant 
tide. Tidal bundles in the modern subtidal deposits of the Oosterschelde estuary, 
Netherlands, record bedform migration rates on the order of five cm to a meter during a 
single tidal cycle (Visser, 1980). Five meter high sand waves (large, subaqueous dunes in 
terminology of Ashley et al., 1990) in the North Sea were observed to migrate as much as 
5.0 m during a single spring tide (Langhome, 1982). These observations indicate that the 
thickness of inferred bundles measured in Tocito crossbeds are of similar magnitude to tidal 
bundles in modem subtidal deposits.
Bundle sequences - Regular, along-set changes in tidal bundle thicknesses are 
commonly observed in modem inter- and subtidal deposits (Visser, 1980; Boersma and 
Terwindt, 1981). These variations are most often explained as a result of velocity 
fluctuations over the fortnightly tidal cycle, with thick bundles representing deposition 
during spring tide and thin bundles corresponding to the neap tide (Visser, 1980; Boersma 
and Terwindt, 1981). Complete neap to spring sequences in areas experiencing 
semidiurnal tides should contain 28 bundles whereas those in diurnal systems will contain
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Figure 3.52. Tidal structures in Tocito Sandstone. A) Example of double mud drape in 
small crossbed set. B) Two medium-scale crossbedded sandstone sets displaying 
variations in mud drape spacing.
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14 bundles. Complete sequences are often difficult to recognize due to non-preservation of 
mud drapes during spring tides and/or lack of bedform migration during neap tides.
Many cross-stratified sets within the Tocito interval show along-set changes in 
bundle thickness that may be due to neap-spring tidal cyclicity. Photos in figure 3.52 
show closely-spaced mud drapes (i.e. thin bundles), possibly representing neap conditions 
and widely-spaced mud drapes (thick bundles), possibly representing spring tides. 
Measurements of bundle thicknesses from one of the more continuous crossbed sets are 
shown in figure 3.53. The most striking feature of this plot is the presence of two regions 
with thick bundles. One is represented by bundle 31 and the other by bundles 59 and 61. 
This suggests a possible periodicity representing approximately 30 bundles. Although this 
is more bundles than should be present in any fortnightly bundle sequence (a maximum of 
28 would be expected in a semidiurnal system), a possible explanation is that the some of 
the very thin "bundles" (e.g. bundles 53 and 58) are not true bundles. These thin 
"bundles" may in fact be deposits of the subordinate current The total thickness of each 
bundle sequence is 2.86 m and 3.06 m respectively.
Alternating angular! tangential foreset terminations - A common feature of crossbed 
sets in the Tocito interval is an alternation between angular and tangential foreset 
terminations (Fig. 3.31). Jopling (1963), in a laboratory study, documented a succession 
of foreset terminations from angular to tangential to concave resulting from an increase in 
suspended sediment concentrations as a consequence of increased current velocities. Allen 
and Narayan (1964) noted the presence of both angular and tangential foreset terminations 
in the Albian Folkestone Beds and reproduced these stratification patterns in a flume. Their 
study yielded similar results to Jopling’s, with tangential-based foresets associated with 
high flow velocities and high suspended sediment concentrations and angular foreset 
bedding associated with reduced flow velocities and a corresponding reduction in 
suspended sediment concentrations. Velocity thresholds for various types of foreset 
bedding were determined in a modem intertidal setting by Koshiek and Terwindt (1981). 
Their observations indicate that angular foresets begin to form at current velocities of 55 
cm/s, whereas, tangential-based foresets develop at current velocities greater than 75 cm/s 
(Koshiek and Terwindt, 1981, their Fig. 3 and Table 1).
These data suggest that the tangential-based foresets in the Tocito interval represent 
higher current velocities than the angular foresets (Fig. 3.31). The repetitive alternations 
between these foreset types may be attributed to velocity fluctuations due to spring-neap 
tidal cycles (Nummedal et al., 1989). Maximum current velocities are expected during the 
spring tide and are more likely to produce tangential-based foresets, whereas, during neap 
tides the velocities required to create tangential foresets may not be achieved and angular-
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Figure 3.53. Thickness of inferred tidal bundles in Tocito Sandstone crossbed set. Thickness values 
represent foreset thickness, perpendicular to crossbedding planes, between mud draped surfaces or 
correlative surfaces traced from mud-draped toesets. The average thickness of these bundles is 
approximately 10 cm. Two possible bundle sequences are recorded, each containing approximately 30 
bundles.
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based foresets would predominate. A sketch of a series of these transitions is shown in 
figure 3.54. Complete sequences, from the tangential to angular transition (towards neap 
tide) to the successive tangential to angular transition range from approximately two to four 
meters (Fig. 3.54). These sequences are interpreted as representing the fortnightly tidal 
cycle (spring-neap cycles). This magnitude of spring-neap cyclicity is relatively close to 
that which is observed in the bundle sequences represented in figure 3.53. The two 
possible bundle sequences observed in this crossbed set are 2.86 and 3.06 meters 
respectively (Fig. 3.53). These values for possible spring-neap cyclicity are very similar 
even though two different methods were used for determining the thickness of the 
fortnightly sequences and the measurements are from two different crossbed sets (although 
they are of similar size).
Reactivation surfaces and crossbed set geometries - Low-angle reactivation 
surfaces are present within many crossbed sets/cosets (Figs. 3.30 and 3.55) with 
successive foresets tangentially downlapping onto these truncation surfaces. This 
geometry suggests that the reactivation surfaces are caused by truncation of foreset beds by 
an opposed current (the subordinate tidal current; e.g. de Mowbray and Visser, 1984; 
Rubin, 1987). Similar reactivation surfaces are predicted by Allen's (1980) sand wave 
model in which the flow reversals are of sufficient velocity to entrain sediment (class IVA 
in Fig. 3.56). In Tocito crossbed sets, this geometry is most common at their upstream 
end and changes in the downstream direction to simple foresets lacking major reactivation 
surfaces. This relationship is shown on a sketch of a single large-scale crossbed set/coset 
(Fig. 3.57). This sketch shows low-angle reactivation surfaces at the upstream end of the 
coset (top left part of sketch) and a change to simple foreset bedding without reactivation 
surfaces in the downstream direction (middle part of sketch). The simple foreset bedding 
lacking reactivation surfaces (in the center part of the sketch) compare favorably to Allen's 
(1980) class IIIA sand waves (Fig. 3.56) which form in response to primarily 
unidirectional cujnrents. These crossbeds show well-developed downstream alternations 
between long foresets with tangential bases and shorter foresets with angular basal contacts 
(Fig. 3.57). These alternations may reflect spring-neap cyclicity as previously discussed. 
Further downstream the simple foreset bedding is replaced by a complex association of 
compound crossbeds (lower right side of sketch, Fig. 3.57). A close-up view of this type 
of transition is also shown in figure 3.55. Foresets downlap sharply onto inclined set 
boundaries with each successive set boundary dipping less steeply than the previous one. 
This results from cross stratified sets wedging out towards the top of the foresets (Fig. 
3.55). This change from predominantly simple crossbedding to compound crossbedding 
may indicate a return to a more asymmetric flow pattern. A second possibility is that the
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Figure 3.54. Sketch of photomosaic of large-scale crossbedded sandstone set. Shows alternation between angular and tangential 
foreset terminations. Tangential foreset contacts represent stronger spring tides, whereas, angular contacts represent weaker neap 
tides. Alternations occur on the scale of approximately 2 to 4 m. Modified from Nummedal et al.(1989).
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Figure 3.55. Tidal structures in Tocito Sandstone. A) Reactivation surfaces truncating 
foreset beds. This geometry is typical of the upstream portion of crossbed sets (as in figure 
3.57). B) Compound crossbeds showing progressive decrease in the inclination of 
successive set boundaries. This association is characteristic of the downstream portion of 
crossbed sets (as in figure 3.57).
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Figure 3.56. Sand waves in asymmetric flows. A) Subordinate flow is of sufficient velocity to entrain sediment and erode 
foreset beds. Forms compound crossbedded coset with gently dipping reactivation surfaces. B) Subordinate flow is insufficient 
to erode foresets. Pause planes with mud drapes (M) are all that is recorded from the subordinate flow. From Allen (1980).
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Figure 3.57. Sketch showing geometry of large-scale crossbedded sandstone in Tocito Sandstone. Shows upcurrent compound 
crossbeds, separated by low-angle reactivation surfaces changing to simple crossbeds with alternating angular and tangential 
foresets. Simple crossbeds change to compound crossbeds in downcurrent direction. Sketch from photomosaic. Upcurrent is 
upper left; downcurrent is lower right.
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geometry observed in the downstream portion results from smaller dunes overtaking the 
larger dune (see de Mowbray and Visser, 1984). This transition may indicate that the 
large-scale dune became so large that its celerity was much less than that of superimposed 
bedforms and it was overtaken and eventually overcome by the more rapid smaller-scale 
superimposed dunes.
The geometry illustrated by figure 3.57 with low-angle reactivation surfaces and 
compound crossbeds in upstream areas, simple crossbeds in the center of the crossbed, and 
compound crossbeds in downstream areas has been illustrated in numerous sandbodies 
interpreted to represent subtidal deposition (for examples refer to Nio, 1976; his figure 12; 
Johnson, 1978, his figure 11; and Kriesa et al., 1986, their figure 10). The fact that this 
geometry is repeated in numerous inferred subtidal sandbodies suggests that it may 
represent the typical geometry for the growth and decay of large, solitary subtidal dunes. 
The transition from compound crossbeds separated by reactivation surfaces to simple 
crossbeds may be a consequence of a decrease in the velocity of the subordinate tide, 
whereas, the change from simple crossbedding to compound crossbedding is interpreted to 
be a result of the decrease in celerity of the large dune as compared to smaller superimposed 
bedforms. A possible explanation of this feature is that the initial decrease in the 
importance of the subordinate tide is a result of an increase in the mutual evasiveness of the 
ebb and flood tides. The increased height of the bedform would initiate greater spatial 
separation between the opposed tides. This would result in a more unidirectional bedform 
geometry. However, once the bedform achieves a certain size it is no longer able to 
migrate at a sufficient velocity and it is subsequently overtaken by smaller bedforms.
Miscellaneous structures - In addition to the specific structures discussed above, 
the general characteristics cited by De Raaf and Boersma (1971) as diagnostic for tidal 
deposition are common to the Tocito interval. These features include relatively short set 
lengths and common joint occurrence of small- and large-scale sedimentary structures.
Basal Tocito Sandbodies
Basal Tocito sandbodies (Fig. 3.10; interval 1, Fig. 2.28; see chapter 2) are only 
present on the seaward side of the Waterflow Anticline and as such only crop out at the 
Mounds, CO (Fig. 3.6). Although these sandbodies are not part of the outcrop study, a 
brief discussion of these strata is required to develop a comprehensive model for the Tocito 
interval. These basal sandbodies are known from the subsurface where they form 
northwest-southeast oriented isopach thicks (Fig. 2.33). These sandbodies erosionally 
overlie the pre-Tocito unconformity and are overlain by coarsening-upward equivalents of 
the lower sandstone member (Fig. 2.28).
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Although these sandbodies are poorly known due to a lack of exposures, core 
observations (Kofron, 1987) and the outcrop exposures at the Mounds suggest similar 
facies to those observed in outcrops of the lower sandstone member. The sandbodies 
contain a similar trace fossil association to the lower sandstone member and primarily 
consist of thin, mud-draped crossbedded sandstones (crossbedded sandstone facies). 
Furthermore, these basal sandbodies also contain glauconite and marine body fossils, and 
lack any evidence of fluvial deposition or subaerial exposure. Overlying and adjacent to 
these sandbodies are facies similar to the bioturbated muddy sandstone facies.
DEPOSITIONAL MODELS
For reference purposes a series of summary tables are shown listing the general 
characteristics, facies, and interpreted depositional environments of the three stratigraphic 
units of the Tocito interval (Tables 3.3, 3.4, and 3.5). Refer to figure 3.10 for an 
illustration of the stratigraphic relationships of these units.
Table 3.3. Summary of basal Tocito sandbodies.
Location Present at the Mounds, CO and in subsurface. Seaward o f  Waterflow Anticline. 
N ot present on landward side or crest.
Age N o biostratigraphic data, but presumed early Coniacian.
Trends Linear, northwest-southeast oriented sandbodies. Subsurface data indicates 
that they overlie erosional surfaces. Blocky well log  signature.
Environment Marine. Distal portion o f  tide-dominated delta sequence. Shelf sandbodies 
seaward o f tide-dominated delta sequence on seaward side o f Waterflow Anticline.
Facies N ot part o f  study, but appears very similar in all aspects to burrowed 
sandstone and crossbedded sandstone facies o f  lower sandstone member.
Lower Sandstone Member
The lower sandstone member overlies a regional flooding surface (combined shelf 
deflation and ravinement surface) on top of the Gallup Sandstone and equivalent strata. 
Above this flooding surface the lower sandstone member displays a coarsening-upward 
pattern and an upward increase in scale of physical structures. The abundance of terrestrial 
organic matter as both large coalified fragments and smaller organic macerals (Pasley, 
1991) suggests that much of the lower sandstone member was supplied through direct 
input from a fluvial system. Reworking of sediments from either the Gallup Sandstone or 
the Lower Mancos Shale is not plausible for the lower sandstone member, as the grain size 
of the lower sandstone member is coarser than any grains present in either of these units. 
The only stratigraphic interval containing the appropriate grain size to supply the Tocito 
interval is the Tonivio Member. Furthermore, the presence of a distributary mouth bar in 
the Torrivio Member on the southwestern margin of the structural embayment (RSD)
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Table 3.4. Summary of lower sandstone member.
Location Present in outcrops hind ward o f anticline. Chronostrati graphic equivalents present on 
seaward side o f  anticline. Not present on crest.
Age Lower Coniacian from Inoceram us erectu s  (late form) at Hogback Oil Field. Equivalents tit 
the Mounds. CO lower Coniacian from In oceram u s deform is.
Trends Records major progradation o f coarse elastics with coarsening-upward vertical trend. 
Capped bv transgressive bed o f bioturbated muddy sandstone.
Environment Marine. Progradationai tide-dominated delta sequence. Clipped by transgressive phosphatic 
muddy sandstone.
Facies Bioturbated muddy 
sandstone
Burrowed sandstone Crossbedded sandstone
Grain size Less than 200 pm average, 
with 250  - 2 mm quartz 
grains. 5 - 20 % dispersed 
mud.
250  to 350 pm . 350 to 500 pm.
Glauconite 2 - 1 % . 5 to 15 % 10 to 40%.
Sedimentary
structures
Bioturbation with trtices o f  
5 - 10 cm thick beds.
Heavily burrowed tabular- 
tangential crossbedded 
sandstones. Stindstone 
beds 10 to 25 cm thick, 
separated by 2  to 5 cm 
thick muddier interbeds.
Tabular-tangential 
crossbeds. 15 cm to 2.0 m 
thick sets. Average 50  cm. 
Heterolithic bottomsets 
display wavy and lenticular 
bedding. Channel-fill 
sandbodv at HOF. .
Position in ideal 
vertical sequence
Forms base o f lower 
sandstone member. A 
continuous bed o f  this 
facies caps the lower 
sandstone member.
Gradationally overlies 
bioturbated muddy 
sandstone.
Gradationally overlies 
burrowed sandstone, except 
at HOF where facies is 
contained in erosional 
channel-fill which 
truncates bioturbated 
muddv sandstone.
Ichnofacies Bioturbated. Cruziana 
ichnofacies.
Heavily burrowed to 
locally bioturbated. 
Skolithos ichnofacies.
Non-burrowed to heavily 
burrowed. Skolithos 
ichnofacies.
Interpretation Inner shelf, similar to 
shelfal facies o f  the Lower 
M ancos Shale.
Episodic migration of 
small, two-dimensional 
dunes in subtidal marine 
setting. Tidal dominated.
Tidal currents in subtidtd 
marine setting. Channel 
till represents small tidtil 
channel.
Comments Contains abundant 
terrestrial organics. A 
variant o f  this facies is 
found in a "continuous" 
bed o f  muddy sandstone at 
the top o f the lower 
sandstone member which 
contains high 
concentrations of 
phosphate nodules.
Carbonaceous material 
loctdly abundant.
Forms top o f  
progradationai portion o f  
lower sandstone member. 
Overlain by transgressive 
deposits o f  phosphatic 
bioturbated muddy 
sandstone.
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Table 3.5 Summary of upper sandstone member.
Location Primarily described from landward o f  anticline, but present on crest and equivalents known from the Mounds, CO and in subsurface.
Age Middle Coniacian from numerous V olviceram us involu tus throughout study area and P erin o cera s w estD halicum  at Hoeback Oil Field.
Trends Blocky grain size profile. Contains basal erosion surface with lag o f  intrabasinal clasts. Forms series o f  northwest -southeast trending 
elongate sandbodies within sandstone "sheet". Overlain by marine shales o f  Mulatto Tongue.
Environment Marine. Transgressive reworking o f  lower sandstone member into shelf sandstones. Transgressive shelf sand ridges and shelf dune fields.
Facies Burrowed
sandstone
Interbedded
facies
Medium-scale
crossbedded
sandstone
Large-scale
crossbedded
sandstone
Pebbly
sandstone
Ripplebeddcd
sandstone
Ripplebedded 
sandstone and 
laminated shale
Grain size Averages 250 pm, 
with up to five % 
dispersed mud.
250 to 350 pm, 
with up to five% 
intrabasinal litho- 
clasts.
250 to 500 pm 
with scattered 1 to 
2 millimeter quartz 
grains. Up to5% 
intrabasinal litho- 
clasts and trace 
chert pebbles.
Rare shale clasts.
350 to 500 pm 
with scattered 1 - 2  
mm quartz grains. 
Intraclasts and 
chert pebbles. Rare 
shale clasts.
350 to 1000 mi­
crons, with many 1 
- 2  millimeter 
quartz grains, and 5 
to 25% intraclasts 
and chert pebbles. 
Inoceramid shell 
fragments.
150 to 200 pm, 
with shell frag­
ments and pebbles 
locally abundant. 
Well cemented by 
calcite
250 to 350 pm 
with abundant intr­
aclasts.
Glauconite Trace to 2%. 
Derived from lower 
sandstone member.
Trace to 2%. 
Derived from lower 
sandstone member.
Trace to 2%. 
Derived from lower 
sandstone member.
Trace to 2%. 
Derived from lower 
sandstone member.
Trace. Trace. Trace to 5%.
Sedimentary
structures
Burrowing is domi­
nant with some low 
angle sub-horizon­
tal stratification. 
Rare tabular-tangen 
tial crossbeds. Bur­
rowed sandstone bet 
alternate with 
thinner more in­
tensely burrowed 
muddy sandstone.
Five to twenty-five 
cm sandstone beds 
and thinner, het- 
erolithic interbeds 
Sandstone beds 
with low-angle, 
stangential cross- 
bedding, and high- 
angle, tabular 
tangential cross­
bedding. Interbeds 
from 2 to 15 cm 
thick with wavy, 
lenticular, and rare 
flaser bedding.
30 to 100 cm thick 
tabular to wedge 
shaped crossbedded 
sandstones with 
tangential and an­
gular foresets. 
Foresets display 
mud drapes, mud 
couplets, and reac­
tivation surfaces. 
Sets separated by 1 
to 10 cm thick het- 
erolithic interbeds 
with horizontally- 
laminated and rip- 
plebedded sand­
stones and shales. 
Compound cross- 
beds.
1 to 3 m thick tab­
ular crossbedded 
sandstones with 
tangential and an­
gular foresets. 
Foresets display 
mud drapes, mud 
couplets, and reac­
tivation surfaces. 1 
to 10 cm thick het- 
erolithic interbeds 
with horizontally- 
laminated and rip- 
plebedded sand­
stones and shales. 
Compound cross­
beds. Contorted 
bedding.
20-50 cm thick 
tabular-planar 
ciossbeds, and 
trough crossbeds. 
Some compound 
crossbedding.
Wave and com- 
bined-fiow ripple 
cross stratifica­
tion, with wavy 
bedding planes.
Thin (< 4cm thick) 
combined flow 
ripples interbedded 
with laminated 
shales. Bedding 
styles include 
wavy, lenticular, 
and flaser bedding. 
Bedding planes of­
ten display wave 
rippled upper sur­
faces. Thin tabular- 
tangential cross­
beds are locally 
present.
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Table 3.5 cont.
Facies Burrowed
sandstone
Intertedded
facies
Medium-scale
crossbedded
sandstone
Large-scale
crosstedded
sandstone
Pebbly
sandstone
Ripplebedded
sandstone
Ripplebedded 
sandstone and 
laminated shale
Position in 
vertical 
sequence
Forms the base of 
upper sandstone 
member, and con­
tains the basal peb­
ble lag.
Usually near base 
and middle of upper 
sandstone member.
Middle portion of 
upper sandstone 
member
Middle portion of 
upper sandstone 
member.
At, or near, the top 
of upper sandstone 
member.
Locally at the top 
of the upper sand­
stone.
Confined to crest 
of anticline.
Ichnofacies Heavily burrowed 
to bioturbated. 
Mixture of the 
Cruziana and 
Skolithos 
ichnofacies.
Moderate
burrowing.
Sandstones with
Skolithos
ichnofacies.
Heterolithic
interbeds with
Cruziana
ichnofacies.
Moderate to low
burrowing.
Sandstones with
Skolithos
ichnofacies.
Heterolithic
interbeds with
Cruziana
ichnofacies.
Low burrowing. 
Sandstones with 
Skolithos 
ichnofacies. 
Heterolithic 
interbeds with 
Cruziana 
ichnofacies.
Patchy burrowing.
Skolithos
ichnofacies.
Patchy burrowing. 
Some bioturbated 
intervals.
Burrows are rela­
tively scarce ex­
cept for a few thin 
bioturbated beds.
Interpretation Subtidal marine. 
Basal transgres­
sive shelf facies. 
Basal pebble lag 
represents in-situ 
reworking of un­
derlying lower 
sandstone member. 
"Downcurrent" 
shelf sand ridge 
facies.
Subtidal marine. 
Transgressive 
shelf facies. 
Deposition of bot- 
tomset beds in the 
lee of dunes. Tidal 
currents. Small, 
tangential cross­
beds represent 
migration of 
small-scale dunes.
Subtidal marine. 
Transgressive 
shelf facies. Tidal 
currents.
Migration of 
medium to large, 
two-dimensional 
dunes. Heterolithic 
interbeds are bot- 
tomsets and toe- 
sets of dunes.
Subtidal marine. 
Transgressive 
shelf facies. Tidal 
currents. Buildup 
and decay of large 
to very large, 
three-dimensional, 
solitary dunes. 
Heterolithic in­
terbeds are bot- 
tomsets and toe- 
sets of dunes.
Subtidal marine. 
Transgressive 
shelf facies. Tidal 
currents. ’’Highest- 
energy" facies. 
Upcurrent shelf 
sand ridge facies. 
Winnowing and 
reworking of un­
derlying upper 
sandstone member 
facies into coarse 
grained two- and 
three-dimensional 
dunes.
Subtidal marine. 
Transgressive 
shelf facies. Waves 
and combined 
waves and currents. 
Cessation of 
strong tidal cur­
rents.
Subtidal marine. 
Rapid fluctuations 
in flow conditions. 
Mostly wave-in­
fluenced inner- 
shelf setting?
Comments Contains thin 
lenses of burrowed 
lime mudstone.
Pebbly version of 
this facies occurs 
lateral to pebbly 
sandstone.
Overlies erosional 
surface.
Rapidly grades 
into Mulatto 
Tongue
►—» 
<-h
suggests that it may have directly supplied sediment to the lower sandstone member (Fig. 
3.21). These observations indicate that the lower sandstone member represents 
progradationai deposits.
The distribution of the lower sandstone member suggests that it formed landward 
(southwest) of the rising Waterflow Anticline. This anticline created a northwest-southeast 
oriented “embayment” in which the lower sandstone member prograded (Figs. 3.19 and 
3.20). The presence of this embayment is believed to explain the observed textural and 
sedimentary structure differences between the Gallup Sandstone and basal Tocito strata. 
The Gallup Sandstone shows evidence of relatively high energy conditions (i.e. few 
burrows, hummocky crossbeds, and wave rippled beds), whereas the overlying lower 
sandstone member, although containing a coarser sand population, suggests an 
environment protected from strong waves. The abundance of burrows, rare inoceramid 
debris and intact shells, and the presence of glauconite suggests that the embayment was 
fully marine.
Initial progradation of the lower sandstone member was slow, as indicated by the 
intense bioturbation and presence of glauconite (basal bioturbated muddy sandstone). 
Minor pauses in progradation are indicated by continuous carbonate (concretion beds) and 
rare, disseminated phosphate nodules. Continued progradation resulted in the gradual 
upward increase in crossbedded sandstones as a result of migrating small to large, two- 
dimensional dunes. Sedimentary structures in the crossbedded sandstones suggest that the 
currents responsible for dune migration were primarily tidal. Dunes migrated primarily to 
the southeast (average 127°), subparallel to the isopach pattern and the trend of the 
Waterflow Anticline (Fig. 3.19).
At the top of this progradationai sequence is the channel-fill sandstone at the HOF 
location. The orientation of the channel and associated paleocurrents suggest that 
sediments passing through this channel may have supplied sediment to the lower sandstone 
equivalents on the seaward flank of the Waterflow Anticline. The more easterly directed 
paleoflow in the large crossbed set near the anticline at the SJR location also suggests 
oblique transport across the anticline. Other similar channels and large dunes may have 
provided pathways for bypass of sediment across the anticline. Farther landward, away 
from the anticline, no similar features are observed. The erosion at the base of the channel 
is inferred to result from continued structural movement associated with the Waterflow 
Anticline.
Contrary to that expected in a complete progradationai sequence, non-marine 
(Torrivio) facies are never found overlying the marine Tocito interval. This pattern of 
progradationai shelf sedimentation and a lack of contemporaneous non-marine
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progradational facies is atypical of the majority of progradational systems described from 
Cretaceous Western Interior strata (i.e. strandplains; McCubbin, 1982). This pattern is 
interpreted to be a consequence of strong tidal conditions developed during progradation of 
the lower sandstone member. Amplification of tidal currents was probably a result of 
complex shoreline morphologies created by local tectonic movements. The presence of the 
northwest-southeast oriented Waterflow Anticline has been documented in the previous 
discussions, however, more subtle, yet more complex structural features are also indicated. 
The influence of a more complex structural grain has not been documented in this study but 
its presence is strongly suggested by comparing the pattern of basement faults mapped 
from both differences in thickness of Paleozoic strata (Stevenson and Baars, 1986) and 
seismic data (Huffman and Taylor, 1991) and the location of subsurface Tocito sandbodies 
(Fig. 3.58). This comparison shows a strong correlation between the distribution of Tocito 
sandbodies and the trend of basement faults. Also, Huffman and Taylor (1991) 
documented movement on many of these basement faults during the Cretaceous. These 
structural geometries would have created a very complex pattern of nearshore bathymetry 
and resulted in enhancement of tidal currents.
Tide-Dominated Delta
In environments experiencing strong tides, such as tide-dominated deltas and open 
macrotidal coastlines, the coastal region may expand greatly, leading to considerable 
separation of "delta front" (marine) from delta plain (non marine) environments (e.g. see 
Coleman and Wright, 1975; Coleman, 1976; Swift, 1985, p. 112). Tide-dominated deltas 
(e.g. the Ord, the Ganges-Brahmaputra, and the Klang) form a zone of progradational 
marine sedimentation that extends as much as 95 km from the subaerial shoreline 
(Coleman, 1976). Progradation of these tide-dominated deltas results in deposition of a 
thick coarsening-upward vertical sequence of predominantly marine strata (Coleman, 1976; 
Figs. 3.59 and 3.60). These delta sequences consist of heavily burrowed mudstones and 
muddy sandstones at the base (“prodelta”) overlain by a “sandier-upward” sequence of 
burrowed sandstones, burrowed muddy sandstones and crossbedded sandstones (“distal 
bar”). The delta sequences are capped by “distributary mouth bar” deposits that are in fact 
laterally-restricted, tidal sand bars (Coleman, 1976). The facies described from these tide- 
dominated delta systems are very similar to those from the lower sandstone member (Fig. 
3.59 and 3.60).
A tide-dominated delta model for the lower sandstone member is also supported by 
interpretations of updip Torrivio Member facies (Miall, 1991). The lower portion of the 
Torrivio Member contains evidence of tidal influence and has been interpreted as resulting 
from deposition in a "prograding" fluvial and tide-dominated estuary (Miall, 1991). The
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Figure 3.58. Maps illustrating relationship of Tocito Sandstone geometry to tectonic 
features. A) Map showing basement faults as determined from seismic data. From 
Huffman and Taylor (1991). B) Map illustrating basement faults inferred from Paleozoic 
thicknesses and location of subsurface Tocito oil fields. From Jennette et al. (1991). 
Location of faults after Stevenson and Baars (1986). C) Tocito oil fields with respect to 
map in figure A. From Jennette et al. (1991).
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Figure 3.59. Map and generalized section from Klang tide-dominated delta. The interval from unit 2 through unit 5 is very 
similar to the Tocito Sandstone on the seaward side of the anticline. The offshore shoals in the Malacca strait might be analogous 
to basal Tocito sandbodies, and the delta proper represents the coarsening-upward lower sandstone member equivalents.
Truncation of unit 5 by a transgressive erosion surface would create an identical section as that observed in the Tocito Sandstone. 
Redrawn from Coleman (1976).
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Figure 3.60. Map and generalized section from Ord tide-dominated delta. The interval from unit 7 through unit 5 is very similar 
to the lower sandstone member and equivalents (except for the absence of subaerial indicators in the lower sandstone member).
Note that the "offshore" King Shoals are not represented in the vertical section. Inclusion of these shoals would result in a 
section very similar to that shown in figure 3.59, with a basal offshore tidal sandbody. Redrawn from Coleman (1976).
U\
ON
tide-dominated deltaic deposits of the lower sandstone member show no evidence of 
subaerial exposure and therefore must represent the distal portion of a delta system that was 
fed by more proximal tidal channel systems (Torrivio Member).
The regionally continuous bed of bioturbated, phosphatic, muddy sandstone, at the 
top of the lower sandstone member, marks the end of progradation. The presence of 
abundant phosphate nodules and phosphatic cements indicates reduced sedimentation rates. 
The widespread nature of this unit suggests that sediment reduction was a regional event, 
and indicates a regional transgression. This bed is probably confined to areas landward of 
the Waterflow Anticline and is interpreted as representing transgressive deposition within 
the structural embayment
Model for Formation of Glauconite and Phosphate
Both glauconite and sedimentary phosphate are common in the lower sandstone 
member. In modem sedimentary environments these authigenic minerals are most common 
on marine shelves, and one of the more common locations of phosphate accumulation is 
marine upwelling zones (Bentor, 1980). In such areas nutrient-rich bottom waters are 
emplaced into the photic zone and create regions of enhanced biological production. This 
leads to deposition of organic-rich (marine derived organic matter) and therefore phosphate- 
rich sediments. The lower sandstone member, however, contains an abundance of 
terrestrial organic matter in the form of large coalified woody fragments, and petrographic 
studies show a high dominance of terrestrial organic matter versus marine organic matter 
(Pasley et al., 1991). The preponderance of terrestrial organic matter and the inferred 
depositional site (nearshore embayment) suggests that the upwelling shelf model is unlikely 
for Tocito phosphates.
Another site of enhanced phosphate concentration is in estuaries and shallow coastal 
regions proximal to a fluvial source (Pevear, 1966; Giresse, 1980; Slansky, 1986; Glenn 
and Arthur, 1990). These regions are also enriched in iron (Beck et al., 1974; Boyle et al., 
1977) which is the critical element in the formation of glauconite (Van Houten and 
Purucker, 1984; Weaver, 1988;). When river-derived fresh water interacts with sea water, 
numerous elements (including Fe, Mn, P, and Al) are selectively precipitated (Boyle et al., 
1977; Sholkovitz, 1976) leading to high concentrations of these elements in nearshore 
sediments (estuaries and interdeltaic areas). These elements are most often found to be 
intimately associated with precipitated organic colloids (Boyle et al., 1977). The organic 
matter in these colloids is also an important source of phosphorus in sediments.
A model to explain the genesis of nearshore, fluvially-influenced glauconite and 
phosphate has been proposed by Glenn and Arthur (1990). In this model, phosphorus- 
bearing, particulate iron compounds, derived from fluvial sediments are deposited in a
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nearshore areas. Upon burial, iron is dissolved in the reducing suboxic pore waters 
leading to the liberation of phosphorus. This liberated phosphorus is incorporated into 
sedimentary phosphate and the soluble iron may either be incoiporated into glauconite near 
the oxic-suboxic boundary or oxidized in oxic bottom waters and adsorb additional 
phosphorus. This redox driven iron reflux model is appealing for the lower sandstone 
member in that it does not rely on a zone of upwelling for phosphorus enrichment, and it 
might explain the common co-occurrence of glauconite and sedimentary phosphate in a 
fluvially-influenced marine environment (tide-dominated delta). Whether this specific 
model is applicable for the formation of Tocito phosphates and glauconites is unknown. 
However, the general nearshore setting with high concentrations of fluvial-derived iron and 
phosphorus and associated terrestrial organic matter does apply. In a warm, humid 
climate, such as is commonly inferred for the western U.S. during the Late Cretaceous 
(Barron, 1983), fluvial waters are expected to have been rich in iron (Glenn and Arthur,
1990).
Phosphatic nodules are confined to bioturbated muddy sandstones, whereas, 
glauconite is present in all facies of the lower sandstone member. This distribution may 
result from the interaction between rates of sedimentation and rates of authigenesis. 
Glauconitization operates at faster rates than does phosphate formation (Giresse, 1980), 
and therefore can occur in areas where the sedimentation rate is somewhat higher. This 
relationship is observed on the present shelf off of the southwestern coast of Africa 
(Giresse, 1980, his figure 11). In this area, glauconites form proximal to a deltaic source 
in areas of slow deposition and abundant iron input. Sedimentary phosphates (nodules) 
form in areas of very slow sedimentation with less detrital input. Phosphates and 
glauconites coexist in areas of intermediate values. The high percentage of glauconite in 
some crossbedded Tocito sandstones (locally approaching 40%) is most likely a result of 
hydrodynamic sorting.
The majority of the phosphate nodules are associated with the bioturbated muddy 
sandstone bed at the top of the lower sandstone member. This observation supports the 
interpretation that this bed represents a major regional transgression and a corresponding 
reduction in the sedimentation rate in a marine environment.
Upper Sandstone Member
Above the basal erosion surface the upper sandstone member consists of 
sandstones that display significant lateral variations in thickness (Figs. 3.39, 3.40, 3.41, 
3.43, and 3.44). The abundance of normal marine body and trace fossils as well as the 
lack of indicators of subaerial exposure or fluvial and other nonmarine deposits indicate that 
the upper sandstone member is entirely marine in origin. Outcrops within the study area as
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well as subsurface isopachs (Matheny, 1981) show that individual sandbodies form 
northwest-southeast oriented isopach thicks (Fig. 3.39). Isopach thicks parallel the 
orientation of the Waterflow Anticline and the resultant marine embayment
The abundance of normal marine indicators and the distribution, facies geometry, 
and stratigraphic position of the upper sandstone member indicate that it represents the 
deposits of shelf depositional systems. This is also supported by comparison to modern 
shelf settings because the facies observed in the upper sandstone member are similar to 
those presently forming on many modem continental shelves.
Modem Shelves
Studies of modem shelf environments have resulted in a vast increase in knowledge 
concerning the stratigraphy and types and distribution of bedforms on modem continental 
shelves. For reviews and summaries refer to Walker (1984), Johnson (1978), Stride 
(1982), Swift (1985), Kraft and Chrzastowski (1985), Swift et al. (1986).
Transgressive stratigraphy
Most modem continental shelves were the site of major accumulations of regressive 
continental facies during the Wisconsin glaciation (18 ka). Postdating this lowstand, sea 
level has shown a general rise throughout the Holocene (for a review see Kraft and 
Chrzastowski, 1985). As a consequence of rising sea level most shorelines have 
undergone overall transgression during the Holocene which has resulted in a transgressive 
coastal stratigraphic sequence (Kraft and Chrzastowski, 1985).
During transgression, the shoreface profile translates landward and upward, and is 
maintained by eroding the shoreface and depositing sediment both behind the shoreline as 
distal coastal plain facies and on the continental shelf as transgressive, inner-shelf deposits 
(Bruun, 1962; Swift, 1968; Swift, 1976; Everts, 1987). This process is called erosional 
shoreface retreat and the resulting truncation surface is the ravinement surface (Swift,
1968). Erosion also occurs on the shelf, seaward of the shoreline, as a result of 
diminished sediment input and continuation of shelf currents and waves (Nummedal and 
Swift, 1987). Large erosional swales with gravel lags are present in sediment starved areas 
between migratory bedforms (Houbolt, 1968). These erosional swales also act as a 
sediment source for transgressive shelf facies. This transgressive shelf erosion surface is 
referred to as the shelf deflation surface (Nummedal and Swift, 1987). The ravinement 
surface and its seaward equivalent, the shelf deflation surface, combine to form a 
transgressive erosion surface. Locally these transgressive discontinuities may form 
significant unconformities, such as where active currents truncate Pliocene strata in the 
North Sea (Houbolt, 1968) and where truncated Miocene strata underlie active shelf facies 
off the U.S. east coast (Twichell, 1983). These transgressive erosion surfaces may be
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enhanced in areas experiencing tectonic uplift, such as in the Tyrrhenian Sea off the coast 
of Italy (Trincardi and Field, 1991).
Transgressive shelf facies
Modem transgressive erosion surfaces separate overlying transgressive shelf facies, 
formed from reworking of previous regressive (Pleistocene) deposits, from underlying 
regressive strata. Transgressive shelf facies consist of numerous migrating bedforms that 
are formed and maintained by the present shelf hydrodynamic environment Transgressive 
shelves differ from regressive shelves because they receive only minor amounts of 
allochthonous sediment. Therefore, transgressive shelf facies may interact with the shelf 
current system for extended periods of time rather than be buried by prodelta sediments 
(refer to Nummedal and Swift, 1987).
Flow transverse bedforms - Flow transverse bedforms on modem continental 
shelves, including ripples and small, medium, and large-scale dunes, have been 
documented through use of side-scan sonar, seismic reflection profiles and underwater 
photography (see Belderson et al., 1982; and Swift, 1985 for a review). These flow 
transverse bedforms form in response to tidal currents, storm-generated currents, and less 
commonly permanent to semi-permanent oceanic currents (Swift, 1985). Ripples may 
form in response to purely oscillatory flows.
Small and medium-scale dunes are common features of modem continental shelves, 
occurring in almost all locations where sufficient sand is available (Swift, 1985; Belderson 
et al., 1982). In the tide-dominated North Sea, current ripples and small and medium-scale 
dunes cover much of the sea floor (Belderson et al., 1982). These bedforms reflect the 
dominant tidal current direction which is predominantly parallel to the shoreline (McCave, 
1971; Fig. 3.61). Similar bedforms are also present on the storm-dominated shelf off the 
U.S. east coast, where they cover as much as 15% of the surface of the inner shelf (Swift 
et al., 1979). Bedforms on storm-dominated shelves also indicate primarily shore parallel 
sediment transport (Fig. 3.61), because storm currents are in geostrophic balance on the 
inner shelf (Swift, 1985; Snedden etal., 1988).
Large and very large dunes, with heights up to 10 m, are less common than the 
smaller-scale bedforms discussed above. However, they are relatively abundant in areas 
with sufficient sand supply and strong currents. These large bedforms are most common 
on macrotidal shelves such as extensive portions of the North Sea and surrounding regions 
(Stride, 1982), locally restricted portions of the U.S. Atlantic shelf, such as Georges Bank 
(Twichell, 1983) and Nantucket Shoals (Mann et al., 1981), and in the lower portions of 
Cook Inlet, Alaska (Bouma et al., 1980). They are relatively rare on storm-dominated
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Figure 3.61. Direction of currents in (shallow) marine settings. A) Tidal ellipses from 
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shelves, usually restricted to local occurrences where the shelf narrows or shoals in the 
downcurrent direction (Swift, 1985).
Longitudinal bedforms - Extremely large bedforms that are roughly parallel to the 
sediment transport direction are also a common feature of modem continental shelves (refer 
to figure 3.3). These bedforms are more commonly referred to as sand ridges or sand 
banks (they will be referred to as sand ridges in this text) and are present on both tide- 
dominated (typically referred to as tidal sand banks) and storm-dominated (typically 
referred to as sand ridges) shelves (Off, 1963; Stride, 1963; Houbolt, 1968; McCave,
1971; Swift etal., 1971; 1973; Duane etal., 1972; Swift, 1975; Swift and Field, 1981; 
McCave and Langhome, 1982; Stride et al., 1982; Swift et al., 1984; Swift et al., 1986; 
for summaries refer to Belderson et al., 1982; Walker, 1984; Tillman, 1985; Swift, 1985). 
For a comparison of these two different occurrences refer to Swift (1975) and Belderson 
(1986). Storm-generated sand ridges are best known from the U.S. Atlantic shelf (Fig. 
3.3). These ridges range from 3 to 12 m high, 1 to 3 km wide and 20 to 70 km long 
(Duane et al., 1972; Swift, 1985; Belderson, 1986). Tidal sand ridges are best known 
from the North Sea (Fig. 3.3). These ridges can be up to approximately 50 m high, 70 km 
long, and 1 to 5 km wide (Belderson, 1986). Tidal and storm-generated ridges also differ 
in that tidal ridges tend to be oriented within 15° of the dominant flow direction, whereas, 
storm-generated ridges may deviate from the dominant flow by as much as 35° to 40° 
(Belderson, 1986).
Comparison of upper sandstone member ('Tocito') facies to modem shelf environments
Basal erosion surface - Beneath the upper sandstone member, truncation of 
underlying strata serves to create a winnowed lag horizon (Fig. 3.27), with lithoclasts 
formed from phosphatic nodules and cemented “burrow clasts” (Singh, 1985). The 
regional horizontal nature of the basal erosion surface and general lack of local erosional 
features indicate that uniform erosional processes operated over relatively large areas.
These observations indicate that the basal erosion surface represents the results of in-situ 
winnowing and concentration of intraclasts in a submarine setting. This surface is 
interpreted as a marine erosion surface formed by the activity of shelf (tidal) currents 
operating on previously deposited sediments. Erosion of underlying strata is highly 
enhanced by local tectonic movements (i.e. HOF location), with maximum erosion on 
submarine highs. This conclusion is supported by the observation that the upper sandstone 
member rests directly on pre-Tocito strata on the crest of the Waterflow Anticline (Plunge 
Pool location; see chapter 2). This indicates that structural highs, not incised lows, are the 
primary control on the erosional patterns. The lack of identified shoreline facies in the 
lower sandstone member, in the study area or farther seaward, suggests that the erosion
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surface primarily represents a shelf deflation surface. Farther landward, to the southwest 
of the study area, this erosion surface does truncate shoreline and continental facies and is 
interpreted as a ravinement surface (Nummedal and Swift, 1987; Bergsohn, 1988; 
Nummedal, 1990).
Sediment source - Unlike the lower sandstone member, the upper sandstone 
member does not contain macroscopic terrestrial organic fragments. Also, petrographic 
studies of the organic matter in the upper sandstone member show a dominance of marine 
organic matter (Pasley, 1991). The upper sandstone member contains more abundant body 
fossils and shell fragments than does the underlying lower sandstone member. The 
increase in marine body fossils may indicate that the upper sandstone member represents 
more of an open marine setting than does the lower sandstone member. The dominance of 
marine versus terrestrial organic matter supports the interpretation that the sediment source 
for the upper sandstone member was reworking of the underlying lower sandstone member 
and that introduction of extrabasinal (river-derived) sediments was minor.
The observations discussed above suggest that the upper sandstone member 
represents the remolding of lower sandstone sediments into transgressive shelf facies 
without the addition of extrabasinal material. These shelf facies overlie a regionally 
extensive transgressive marine erosion surface (ES-2).
Shelf sand ridges - The isopach pattern of the upper sandstone (Fig. 3.39) outlines 
the position of northwest-southeast trending isopach thicks, that parallel the regional 
shoreline as defined by the Gallup Sandstone (e.g. HOF location). Subsurface isopachs 
(McCubbin, 1969; Matheny, 1981) also document the presence of similar (but smaller) 
isopach thicks at this stratigraphic horizon farther offshore. These isopach thicks are 
interpreted as the deposits of shore-parallel, tidally-influenced shelf sand ridges, similar to 
those presently forming on modem shelves.
A summary diagram from Belderson et al. (1982; Fig. 3.62) depicts the bedform 
associations that correspond to specific regions along the sediment transport path in the 
North Sea and their corresponding peak near-surface tidal current velocities. Also shown 
are the associated faunas for each of these subenvironments (faunas from Wilson, 1986).
In areas downcurrent and away from active sand deposition winnowing of underlying 
sediments has created a pebble lag onto which these facies are actively migrating 
(Belderson and Stride, 1966; Belderson et al., 1982). These bedform and faunal 
associations compare favorably to upper sandstone member facies observed at HOF, with 
the facies architecture at HOF indicating progradation of higher energy shelf 
subenvironments over lower energy shelf subenvironments.
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Figure 3.62. Lower flow regime bedforms and corresponding peak, near-surface tidal 
currents (cm/s). Also shown are the associated faunal zones for each bedform region. 
Association essentially defines a transport path, with high-energy upcurrent regions to 
lower energy downcurrent regions. From Wilson (1986), which is modified from 
Belderson (1982).
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The downcurrent sand sheet contains both an abundant and diverse fauna (Fig. 
3.62). Through time this environment is expected to form a heavily burrowed sand sheet 
similar to that found at the base of the upper sandstone at HOF (Fig. 3.45). Rare, small 
crossbed sets in the basal burrowed sandstone interval indicate brief, high energy episodes 
and transient bedform migration. Upcurrent, in areas experiencing slightly higher peak 
tidal flows (Fig. 3.62), is a zone of small two-dimensional sandwaves (small to medium 
2D dunes in present terminology). These two-dimensional bedforms are probably similar 
to those responsible for formation of the interbedded facies and medium-scale crossbedded 
facies. In the upper sandstone member these facies overlie the burrowed sand sheet and 
form the majority of the member.
In areas experiencing slightly higher peak tidal flows are large three-dimensional 
sandwaves (large to very large 3D dunes in present terminology; Fig. 3.62). These large, 
to very large-scale, three-dimensional dunes have been investigated in some detail on the 
tide-dominated shelf off the coast of France (Berne et al., 1988). Beme et al. (1988) 
documented not only the external morphology of these dunes but also, through use of 
seismic reflection profiles, their internal stratification pattern (Fig. 3.63). The scale and 
geometry of these bedforms are similar to those inferred for the large-scale crossbedded 
facies in the upper sandstone member (compare Figs. 3.54 and 3.63). Their internal 
stratification patterns displays a strong asymmetry, with only the dominant flow direction 
preserved. The bedforms contain numerous low-angle reactivation surfaces as well as 
angle of repose foreset beds. The low-angle reactivation surfaces are spaced approximately 
5 -10 m apart and are most likely the result of enhanced subordinate flows associated with 
spring tides (Beme et al., 1988). This internal stratification is similar to that of the large- 
scale crossbedded facies with both angle of repose bedding and extensive reactivation 
surfaces (Fig. 3.54).
Upcurrent (i.e. in areas of stronger peak tidal flows) from the zone of sand waves 
is a region containing sand ribbons and gravely bedforms. This region is associated with 
net erosion (Belderson and Stride, 1966; Belderson et al., 1982). Erosional furrows form 
parallel to the transport direction, and may be up to 8 km long, 30 m wide, and 1 m deep 
(Belderson et al., 1982). Erosion and winnowing of underlying strata results in 
concentration of the coarser fraction (i.e. pebbles) and formation of small to medium-scale, 
pebbly dunes. High faunal concentrations may be present on these bedforms as a 
consequence of infrequent bedform migration (Wilson, 1986). This bedform region would 
be analogous to that responsible for formation of the pebbly sandstone facies near and at 
the top of the upper sandstone member. The pebbly sandstone facies displays elongate 
isopach thicks and local erosion surfaces (Figs. 3.33, 3.43. and 3.49). The erosion
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Figure 3.63. Inteinal stratification pattern of some tidal "sand waves" off the coast of France. Sketches from seismic reflection 
profiles. From Berne et al. (1988).
surfaces tend to be associated with isopach thicks. These local erosion surfaces in the 
upper sandstone member may represent erosional furrows like those described from the 
North Sea. Erosional furrows are subsequently filled by deposits of small and medium- 
scale gravely dunes.
The thin interval of ripplebedded sandstone at the top of the upper sandstone 
member indicates relatively weak currents and low sedimentation rates. The layer of 
Pseudoperna oysters also suggests diminished cunent activity and a decrease in sediment 
movement, because these organisms need a stable substrate and low suspended sediment 
concentrations. Overlying the upper sandstone member, the Mulatto Tongue indicates slow 
sedimentation in a low-energy, relatively deeper water setting. These uppermost facies 
indicate an overall decrease in currents and waves and a probable increase in water depth.
The facies arrangement in the upper sandstone member strongly suggests that this 
Tocito sandbody formed by progradation of upcurrent, higher-energy shelf environments 
over downcurrent, lower-energy environments. The transition to the Mulatto Tongue 
reflects a change to deep water, low-energy conditions during later stages of transgression.
This internal architecture is consistent with that expected for a transgressive shelf 
sand ridge. Although very little published data exists concerning the internal facies 
architecture of modem sand ridges, several general conclusions can be drawn from 
theoretical models concerning the evolution of sand ridges (Huthnance, 1982; Parker et al., 
1982). In general, these models state that sand ridges represent large, flow oblique 
bedforms that evolve from a sandy sea floor possessing subtle initial bathymetric 
irregularities (Huthnance, 1982; Parker et al. 1982; McCave and Langhorne, 1982; Gaynor 
and Swift, 1988; also refer to review in Swift et al. 1985; Fig. 3.64). In order to maintain 
momentum, flow must accelerate on the upcurrent flank of the sand ridge. The upcurrent 
flank is therefore a zone of net erosion (Gaynor and Swift, 1988) and this region acts as a 
sediment source for more downcurrent reaches of the ridge. Along the ridge crest, the 
velocity decreases as a consequence of an increase in frictional forces, and deposition of 
bedload occurs. On the downcurrent ridge flank the flow regains its original orientation 
and flow expansion results in decreased velocities and continued bedload deposition. As a 
result of erosion of the upcurrent ridge flank and aggradation of the crest and the 
downcurrent ridge flank the ridge migrates (progrades) toward its downcurrent margin.
The net effect is a coarsening upward motif with upcurrent, higher-energy shelf 
environments over downcurrent, lower-energy shelf environments (Fig. 3.64).
Although the "spatial acceleration" (Gaynor and Swift, 1988) model described 
above does explain the facies architecture of the upper sandstone member at the HOF, there 
is no direct evidence for flow divergence in the upper sandstone member. There is some
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Figure 3.64. Formation of a Shannon Sandstone shelf sand ridge. A) Schematic plan 
view showing facies and inferred flow stream lines. Upcurrent region is zone of flow 
acceleration and displays high energy facies. Downcurrent ridge margin contains low- 
energy facies and is associated with deceleration of flow. B) Schematic flow-parallel cross 
section across Shannon Sandstone showing coarsening-upward profile and progradational 
facies arrangement associated with the development of a shelf sand ridge. Modified from 
Gaynor and Swift (1987).
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evidence that the paleo-seaward flank (northeastern) was the upcurrent ridge margin. This 
evidence includes the preferred position of the pebbly sandstone on the northern (paleo- 
seaward?) flank (Fig. 3.49) and the observation that the northern locations contain a higher 
percentage of medium-scale crossbedded sandstones (Fig. 3.47) and southern locations 
contain more interbedded facies (Fig. 3.46). This general conclusion is also supported by 
the relative thin nature of the upper sandstone member to the north which suggests 
increased erosion in this region. Paleocurrents from the upper sandstone member, 
however, show sediment transport more or less parallel to sandbody elongation (Fig. 3.44) 
with no indication of oblique flow across the sandbody. This parallel relationship between 
sandbody elongation and paleocurrent indicators may be expected for a tidal sand ridge, as 
both tidal ridges and superimposed bedforms tend to closely parallel the dominant tidal 
current direction, typically less than 15° difference (Belderson et al., 1982). The majority 
of the evidence from the upper sandstone member suggests the dominant direction of ridge 
progradation was downcurrent, along the ridge axis. Although there is a possibility of 
landward directed ridge migration it appears to be below data resolution.
Shelf dune fields - Away from the northwest-southeast trending sand ridges are 
areas of thin sandstones formed by the deposits of migrating small to very large dunes 
overlying the basal erosion surface (Figs. 3.39 and 3.41). These intervals represent the 
deposits of shelf dune fields such as those common to large portions of modem shelves 
(Swift et al., 1979; Belderson et al., 1982).
PALEOGEOGRAPHY AND EVOLUTION OF THE TOCITO SANDSTONE
The evolution of the Tocito interval as interpreted from integration of the above data 
is presented as a series of paleogeographic maps and schematic cross sections for critical 
time periods during Tocito deposition (Figs. 3.65-3.71). The chronostratigraphic 
designations are based on the macrofossil biostratigraphy discussed in Chapter 2. For 
reference purposes refer to tables 3.3, 3.4, and 3.5, which summarize each of the Tocito 
stratigraphic units.
Stage 1: Gallup Sandstone (Early Coniacian, COl)
The paleogeography prior to Tocito deposition is based upon the facies distribution 
of the Gallup Sandstone and the Lower Mancos Shale underlying the Tocito interval. The 
Gallup Sandstone forms a regressive strandplain with shoreface and inner shelf facies 
preserved in the study area (Fig. 3.65). The youngest and most seaward Gallup shoreface 
is located in the vicinity of the RSD location, with inner shelf facies of the Lower Mancos 
Shale present seaward of this location. Subsurface correlations indicate that at this time 
there was little to no structural movement (Fig. 2.27 through 2.30).
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Figure 3.65. Paleogeography of study area at end of Gallup deposition. This 
time period represents the maximum seaward progradation of Gallup shorefaces.
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Figure 3.66. "Extent of erosion map" associated with pre-Tocito unconformity. The 
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Maximum erosion is on the anticline (especially to northwest) and its seaward flank. 
The tectonic embayment shows only minor transgressive erosion, and preserves a 
(near) complete pre-Tocito section. Based on map in McCubbin (1969; refer to 
figure 2.13).
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was supplied to the marine environment by Torrivio distributaries.
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of sediment across the anticline. A local accumulation of sand is present in the vicinity 
of the Horseshoe Oil Field (Fig. 3.26). Basal Tocito sandbodies were buried by 
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sand ridges began on the seaward flank of the anticline at this time.
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Figure 3.71. Paleogeography of study area at end of upper sandstone member 
deposition. Slow deposition of transgressive shales over most of the study area 
with minor reworking of sandstones on the most elevated structural highs. 
Local shale "thicks" are probably associated with reversals in fault motions.
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Stage 2: Pre-Tocito Unconformity (Early Coniacian, COl)
Between deposition of the Gallup Sandstone and the Tocito interval was a period of 
tectonic uplift and erosion, resulting in formation of the pre-Tocito unconformity (Fig. 
3.66). A great thickness of the Gallup equivalent Lower Mancos Shale was removed along 
the Waterflow Anticline and its seaward flank. This erosion resulted in local truncation 
down to the Juana Lopez Member. Uplift emplaced the Lower Mancos Shale into higher- 
energy shallow marine environments (i.e. shallower water) and created a complex shoreline 
morphology, including formation of a tectonic “strait” or embayment parallel to the general 
northwest-southeast structural grain (Fig. 3.58). Tidal currents were amplified along this 
complex shoreline. No significant erosion is evident landward of the Waterflow Anticline 
(in the tectonic "strait").
Stage 3: Basal Tocito Sandbodies-Interval 1 (Early Coniacian, C02)
Sharply overlying the pre-Tocito unconformity on the seaward side of the 
Waterflow Anticline are the linear, basal Tocito sandbodies represented in outcrop by the 
basal Mounds sandbody and in the subsurface by the basal Horseshoe oil field sandbody. 
Cores and outcrop exposures suggest that these sandbodies are marine subtidal sandbodies.
Unfortunately these basal sandbodies cannot be correlated to more landward 
locations, as they apparently onlap the anticline from the northeast (Fig. 2.29). Two 
possible mechanisms are possible for transport of sediment to these seaward locations. In 
the first mechanism, locations landward and along the crest of the Waterflow Anticline 
were zones of sediment bypass. Strong marine currents would serve to transport sediment 
across this bypass zone and feed the more distal basal Tocito sandbodies. A problem with 
this model is that there is a lack of significant erosion beneath the lower sandstone member 
landward of the anticline, which would be expected if this region was entirely a zone of 
bypass.
In the second model the sediment source for these basal Tocito sandbodies was 
Torrivio tidally-influenced distributaries located northwest of existing outcrops of the lower 
sandstone member. This mechanism has some appeal because of the abundance of 
southeastem-directed paleoflows throughout all of the Tocito interval. Furthermore, 
southeastern paleocurrent indicators in the basal Tocito sandbody at The Mounds 
(McCubbin, 1969), suggests that at least some of the sediments came from northwest of 
this location. The second model is illustrated in figure 3.67.
In either case the ultimate sediment source for basal Tocito sandbodies is inferred to 
have been the Tonivio Member. Distributary channels, such as the one present at the RSD 
location, supplied the marine environment with the coarse sand found throughout the
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Tocito interval. The crest of the Waterflow Anticline was primarily a zone of sediment 
bypass (Fig. 3.67).
The basal Tocito sandbodies are interpreted as offshore tidal sand ridges formed in 
a more open marine setting seaward of the rising anticline. Tide-dominated deltas (e.g. the 
Ord, the Ganges-Brahmaputra, and the Klang) feed offshore tidal sandbodies (Coleman,
1976). These are shore-parallel sand ridges (Off, 1963; Coleman, 1976; see maps in Figs. 
3.59 and 3.60) formed in response to shelf tidal currents. In a typical vertical sequence 
these sands are inferred to form the base of the progradational delta and are overlain by 
deltaic facies (Fig. 3.59).
Stage 4: Lower Sandstone Member (Early Coniacian, C02-C03)
After deposition of the basal Tocito sandbodies, the lower sandstone member and 
equivalents (interval 2, Fig. 2.28 and 2.29) record a major regional progradation, primarily 
in the form of bioturbated, muddy sandstones of a tide-dominated delta system. This 
progradation is clearly demonstrated in both outcrop and subsurface.
The accompanying map (Fig. 3.68) depicts the paleogeography near the end of this 
progradational episode with tidal channels (HOF), large subtidal dunes (SJR), and local 
accumulations of sandstone farther offshore (Horseshoe oil field). No equivalent strata are 
preserved from this interval along most of the anticline and it is assumed that the anticline 
continued to form a bypass zone with minimal accumulation. Although, later erosion could 
have removed significant amounts of lower sandstone equivalents initially present on the 
anticline.
Stage 5: Lower Sandstone Member - Phosphatic Muddy Sandstone (Middle 
Coniacian, C03-C 04)
At the top of the lower sandstone member, the phosphatic muddy sandstone 
indicates the initiation of transgression. This bed is limited to outcrops on the landward 
flank of the anticline and reflects deposition in a sediment-starved embaymenL Slow 
sedimentation in the embayment led to the conditions favorable for phosphate precipitation 
(Fig. 3.69). Clastic sediments at this time were trapped in updip channel fill facies of the 
Torrivio Member and overbank facies of the Dilco Member. Offshore and on the crest of 
the anticline, this bed is not present and lower sandstone member equivalents are overlain 
by erosion surface ES-2 and upper sandstone equivalents.
Stage 6: Upper Sandstone Member (Middle Coniacian, C04-C05)
The phosphatic muddy sandstone bed is truncated by a transgressive erosion 
surface and overlain by the upper sandstone member. The upper sandstone member 
consists of linear, tidal shelf sand ridges and intervening dune fields (Fig. 3.70). These 
facies result from reworking of the underlying lower sandstone member during
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transgression. On the northwest portion of the anticline (PP) erosion continued, resulting 
in truncation of the Juana Lopez Member. The upper sandstone member is interpreted as 
transgressive shelf sandstones overlying a transgressive marine erosion surface (ES-2). 
Stage 7: Upper Sandstone M ember (Middle and Upper Coniacian, C 05- 
C 0 6 )
Erosion on the northwestern part of the anticline continued until sea level rose 
sufficiently to allow for deposition. By the time sediment (sand) began accumulating at this 
location (PP), transgressive calcareous shales of the Mulatto Tongue were probably 
forming throughout the rest of the study area. Expansion (thickening) of this shale interval 
occurs in local areas along the crest of the anticline (Fig. 2.27; see Chapter 2). This 
expansion indicates local reversal in the sense of motion along the Waterflow Anticline and 
a local increase in accommodation space. Reversals in the sense of motion of deep-seated 
basement faults throughout the study area and beyond have been documented on seismic 
data (Huffman and Taylor, 1991) and the specific reversals observed in this study have 
been corroborated in other subsurface studies of the Tocito interval (Jennette et al., 1991).
EVALUATION OF ALTERNATIVE DEPOSITIONAL MODELS
In the above section, it is proposed that the Tocito interval represents a complex of 
shelf depositional systems, including distal tide-dominated deltas and transgressive shelf 
sand ridges. The Tocito interval has, however, also been interpreted as a series of incised 
valley fill deposits (Jennette et al., 1991), and similar sandbodies in the Cretaceous 
Western Interior have been interpreted as the deposits of lowstand (detached) shorefaces 
(Bergman and Walker, 1986; Plint, 1988; Rosenthal, 1988; Posamentier and Chamberlain, 
in press). The following section serves to briefly evaluate these competing models.
Incised Valley Fill
The incised valley model has been specifically applied to the Tocito by Jennette et 
al. (1991) and suggested for similar sandbodies throughout the Western Interior (Van 
Wagoner et al., 1990). The principal argument in support of their interpretation is the map 
pattern of individual sandbodies and the pattern of incision inferred at their base (Jennette et 
al., 1991; Fig. 3.5). In this interpretation Tocito sandbodies are considered estuarine 
deposits (Jennette et al., 1991) formed within flooded, incised fluvial valleys. The incised 
fluvial valleys formed as a response to major falls in relative sea level. In their model the 
Tocito interval consists of four depositional sequences formed by four separate episodes of 
subaerial valley formation and subsequent marine flooding. The following observations 
are considered to be inconsistent with the incised valley fill model.
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Lack of Fluvial Sediments
One of the most compelling arguments against the incised valley model is that in 
spite of extensive study, no fluvial sediments or direct subaerial indicators have been 
identified within the entire Tocito interval. Studies of the fill of incised valleys cut during 
the Wisconsin sea level lowstand, however, show these valleys to contain abundant fluvial 
sediments both at the base of the valley and along the flanks as terrace deposits (Thomas, 
1991).
A lack of fluvial sediments at the base of the Tocito valleys requires that all 
nonmarine deposits in the valley were reworked during the sea level rise. This may be 
possible in local, isolated locations, such as near the mouth of a tide-dominated estuaiy. 
The Tocito interval, however, extends for at least 250 km from the northwest to the 
southeast (i.e. along the axis of the inferred fluvial channels). Reworking of all fluvial 
deposits along the entire length of these valleys seems rather improbable. Furthermore, the 
interpretation of four depositional sequences in the Tocito interval requires that four 
separate periods of valley cutting and subsequent flooding occurred. Each occurrence 
would have to result in the complete removal of all fluvial sediments and subaerial exposure 
indicators along the entire length of the valleys.
Relationship to Structural Features
The inferred Tocito valleys (Jennette et al., 1991) are located on and seaward of the 
Waterflow Anticline (Fig. 3.5). This relationship suggests that the fluvial valleys were 
preferentially located along the axis of a developing structural high. This contrasts sharply 
with observation of modem fluvial systems, which are observed to be preferentially located 
in structural lows (i.e. areas of maximum subsidence; Poland et al., 1975; Potter, 1978) 
rather than on structural highs.
Geographic Variations of Pre-Tocito Unconformity
In the interpretation of Jennette et al. (1991) the four Tocito "sequence boundaries" 
converge to the southwest such that at the location of the tectonic embayment described in 
this text (SJR location) all four sequence boundaries have merged into one composite 
surface (Jennette et al., 1991, their figure 5, line 1). This location would be expected to 
show the most abundant evidence of subaerial processes (i.e. erosion and soil formation), 
as it represents four major relative sea level falls. However, as shown in this chapter, this 
location shows no evidence of significant erosion or subaerial exposure, nor is there 
biostratigraphic evidence of any unconformity.
Paleocurrent Patterns
As mentioned previously paleocurrent indicators in the Tocito interval show a 
consistent orientation to the southeast. This pattern is very similar to that of Gallup
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shorefaces (Snedden and Nummedal, 1991), and very dissimilar to all upper Cretaceous 
fluvial strata in northwestern New Mexico. This includes fluvial strata that predate the 
Tocito interval, those concurrent with Tocito deposition (Torrivio Member), and fluvial 
strata that postdate the Tocito interval. All of these fluvial deposits show a general pattern 
of northeasterly-flowing streams, presumably flowing away from highlands in southern 
Arizona (Cumella, 1983). Therefore, if the Tocito interval does represent an incised fluvial 
network, it requires a brief, yet dramatic (peipendicular), change in the orientation of 
fluvial systems from that observed in all surrounding strata.
Frequency and Magnitude of Sea Level Change
Although not documented in this study the four separate erosion surfaces 
interpreted by Jennette et al. (1991) may be present within the Tocito interval. An 
alternative interpretation is that each of these erosion surfaces reflects uplift along the 
Waterflow Anticline and submarine erosion. This interpretation would not require a change 
from submarine to subaerial conditions, rather a change from submarine erosion to 
submarine deposition.
A relative sea level curve based upon the cross section by Jennette et al. (1991) is 
shown in figure 3.72. The entire Tocito interval is assumed to represent approximately 2 
million years, based upon biostratigraphic evidence presented in chapter 2. The curve is 
created based on the assumption that the amount of relative sea level fall equals the amount 
of truncation at the base of Tocito valleys, and because all of the sediments within the 
valleys are marine, the amount of sea level rise is at least equal to the thickness of each 
individual sequence. This curve represents minimum amounts of both sea level fall and 
rise, as there is no correction for water depth variations. Decompaction of the sediments 
would also increase the magnitude of both sea level rise and fall. This sea level curve (Fig. 
3.72) shows that major relative sea level changes were required for development of the four 
sequences. Although a relative sea level history of this type may be possible, it is my 
opinion that these dramatic sea level changes are improbable.
Detached Shorefaces
Although the detached shoreface model has not been specifically suggested for the 
Tocito Sandstone, it has been applied to similar Cretaceous sandbodies in Canada 
(Bergman and Walker, 1986; Plint, 1988; Posamentier and Chamberlain, in press). The 
principal arguments against this model for the Tocito interval are discussed below.
Lack of Shoreface Facies
The most compelling argument against the detached, lowstand shoreface model is 
the lack of shoreface facies in the entire Tocito interval. The presence of interbedded shale, 
as drapes in crossbedded sandstones and in bottomset deposits, requires an abrupt decrease
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
w
ithout perm
ission.
Minimum RSL curve
200 '
100’ SB2 SB4
SB3
SB1
89.01 87.0188.01
Figure 3.72. Minimum relative sea level curve required in incised valley interpretation of Jennette et al. (1991). Curve derived 
by assuming that Tocito interval represents 2 million years, and that sea level fall equals amount of incision and sea level rise 
equals amount of deposition. Curve derived from figure 5 of Jennette et al. (1991).
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in the energy level such that mud can settle out from suspension. Shoreface deposits, 
however, are characterized by a lack of interbedded mud, as a result of continuous wave 
agitation (Niederoda et al., 1985).
Lack of Subaerial Indicators and Distributary Channel Fills
The detached shoreface model relies on transgressive erosion (erosional shoreface 
retreat) to remove all vestiges of continental deposition and subaerial exposure indicators. 
Although it is true that transgressive erosion can remove significant quantities of continental 
facies (refer to Nummedal et al., in press), it is unlikely to erode to the base of all lowstand 
distributary channels (see Belknap and Kraft, 1985). As mentioned previously, there is no 
evidence of subaerial exposure in the entire Tocito interval, nor are there preserved fluvial 
facies. The presence of the two sandstone accumulations on the seaward flank of the 
Waterflow Anticline (i.e. the Mounds) would require that the shoreline migrated to at least 
this seaward location twice during deposition of the Tocito interval. Postdating formation 
of each sandbody, transgressive erosion would have to remove all vestiges of continental 
deposition.
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CHAPTER 4: REGIONAL STRATIGRAPHIC RELATIONSHIPS: 
IMPLICATIONS FOR "FORELAND" BASIN SEQUENCE
STRATIGRAPHY
INTRODUCTION
Sequence stratigraphy has resulted in an invigoration of the science of stratigraphy. 
Although it may be true that many of the concepts embedded in what we now refer to as 
sequence stratigraphy are implicit in earlier stratigraphic studies, it is clear that the 
formulation of sequence stratigraphy has led to a major re-emphasis on the science of 
stratigraphy. Sequence stratigraphy operates under the general principle that the 
stratigraphic record is at some level a cyclical and repetitive record and is therefore, in 
theory, ordered and predictable (Franseen et al., 1991; Posamentier and James, in press). 
This has led to the development of numerous forward models based on a variety of input 
parameters (sea level, sediment supply, subsidence, etc.) that attempt to predict resultant 
distributions of facies and erosional surface (Cross, 1988; Posamentier and Vail, 1988; 
Posamentier et al., 1988; Jervey, 1988; Nummedal et al., in press; Nummedal and Plint, in 
prep).
Since the introduction of first seismic stratigraphy (Mitchum, 1977; Mitchum et al.,
1977) and subsequently sequence stratigraphy (see Wilgus et al., 1988; Van Wagoner et 
al., 1990), the field has evolved into two relatively independent lines of research (see 
discussion in Posamentier and James, in press). Both of these fall under the general 
definition of the study of strata within a framework of chronostratigraphically significant 
surfaces (Van Wagoner et al., 1988). One line of research concerns the eustatic sea level 
signal and the potential for global correlation of sequence-bounding unconformities and the 
depositional sequences that they bound (Vail et al., 1977; Vail and Todd, 1981; Haq et al., 
1987; Haq et al., 1988; Hubbard, 1988; Kendall and Lerche, 1988). These studies 
represent an attempt to determine the "true" eustatic sea level signal from the stratigraphic 
record and to define globally correlative chronostratigraphic packages of strata based on 
physical stratigraphic surfaces (sequence boundaries). The most famous product of this 
research is the Global Cycle Chart (Haq et al., 1988).
The second major research topic under the umbrella of sequence stratigraphy 
concerns the influence of relative sea level on the spatial distribution of erosional and 
depositional systems, and in determining how these systems migrate temporally and 
spatially because of changes in relative sea level. This approach is essentially independent 
from the eustatic sea level signal. This research has led to a reexamination of the 
stratigraphic record in light of the interpretation that frequent, large-magnitude [relative] sea
184
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level changes have occurred throughout the Phanerozoic (Haq et al., 1987,1988). Results 
of this line of study have led to the development of a series of “model” stratigraphic cross 
sections (i.e. the "slug" diagram of Haq et al. (1988)) illustrating predicted stratal stacking 
patterns and facies distributions formed as a consequence of fluctuations in relative sea 
level (see numerous examples in Wilgus et al. (1988)). These models, however, are for 
the most part only for general cases and must be, at the very least, modified for specific 
local conditions (Posamentier and James, in press).
The following discussion primarily addresses this second subdiscipline, with no 
mention of eustasy. Some reference will, however, be made to "regional" sea level. The 
term "regional" sea level is used to refer to sea level changes thought to affect the 
Cretaceous Western Interior Basin (and possibly the entirety of North America). This term 
is preferred to eustatic sea level because of the possibility of vertical movements of the 
entire North American continent independent of movements of other tectonic plates (Sloss,
1991). Regional sea level, therefore, includes both eustatic sea level and any large-scale 
vertical movements of North America.
Sequence stratigraphy in the Cretaceous Western Interior
Excellent outcrop exposures, large amounts of subsurface data (well logs), a 
relatively complete biostratigraphic data base, and the presence of numerous transgressive- 
regressive cycles with interfingering continental and marine facies have all combined to 
make the Cretaceous Western Interior one of the principal locations for testing and refining 
sequence stratigraphic concepts (refer to Van Wagoner et al., 1991; Leckie et al., 1991; 
Nummedal and Plint, in prep). These studies of the Cretaceous Western Interior have led 
to the development of new stratigraphic models, such as the incised valley and lowstand 
shoreface models discussed in chapter 3, that emphasize large-scale fluctuations in relative 
sea level.
Upper Cretaceous strata deposited in the Western Interior Seaway reflect a complex 
interplay between thrust-induced subsidence and uplift (forebulge) effects from the Sevier 
orogenic belt, and localized intrabasinal uplifts and depressions in more distal portions 
(Kauffman, 1985; Weimer, 1986; M. Pang, dissertation in prep.). Throughout this text the 
Western Interior Basin will be referred to as a "foreland basin" (i.e. a basin formed as a 
consequence of thrust-induced lithospheric loading; Beaumont, 1981). However, it is 
recognized that this is an oversimplification because thrust loading is inadequate to explain 
the broad pattern of Cretaceous subsidence in the Western Interior Basin (Cross, 1986). 
Models to explain this regionally extensive pattern of subsidence include subcrustal loading 
(Cross and Pilger, 1978; Cross, 1986) and deflection of the lithosphere as a consequence 
of mantle flow coupled to a shallow dipping subduction zone (Mitrovica et al., 1989).
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Also, localized zones of subsidence are extremely common and are probably related to 
movements along weak zones in the basement (refer to Bond and Kominz (1991) for 
similar examples from the U.S. midcontinent). Superimposed on these tectonic elements 
are the effects of regional sea level fluctuations.
The San Juan Basin is located approximately 400 km from the eastern edge of the 
Sevier orogenic belt in southern Utah and overlies a highly faulted basement with a distinct 
northwest-southeast oriented structural grain (Stevenson and Baars, 1986; Huffman and 
Taylor, 1991). Reactivation of this fault system occurred throughout the Phanerozoic, 
especially during orogenic episodes in the Pennsylvanian to Permian ("Ancestral 
Rockies"), Jurassic to Early Cretaceous ("Nevadan"), and Late Cretaceous to early Tertiary 
("Sevier-Laramide"; Huffman and Taylor, 1991). These structures had a pronounced 
effect on deposition of the Tocito Sandstone (chapters 2 and 3), and similar movements on 
basement faults have also influenced Cretaceous depositional patterns in the Denver Basin 
(Weimer, 1986) and throughout much of the Cretaceous Western Interior Basin (Rice and 
Gautier, 1983; Swift and Rice, 1984; Shurr and Rice, 1986; Walker and Eyles. 1991; M. 
Pang, diss. in prep.).
The "foreland" basin setting and the presence of differential intrabasinal structural 
movement creates a more complex basinal setting than typically considered in sequence 
stratigraphic analyses. Therefore, sequence stratigraphic models, primarily developed from 
passive margin settings, must be strongly modified for this intracratonic setting (Swift et 
al., 1985; Jordan and Flemings, 1991; Swift and Thorne, 1991).
This chapter is an attempt at the integration of the data presented in chapters 2 and 3 
(stratigraphic and depositional framework of Tocito Sandstone) with regional stratigraphic 
and sedimentologic data (see figure 4.1 for location map). Integration of these data allows 
for the development of a regional stratigraphic model for late Turonian and Coniacian strata 
of the southern part of the Western Interior Basin. This stratigraphic model is based on 
sequence stratigraphic principles and forms the framework for the interpretation of the 
depositional history of this part of the Western Interior Basin during the late Turonian 
through Coniacian.
SIGNIFICANT STRATIGRAPHIC SURFACES
Three regionally extensive surfaces are identified in late Turonian through 
Coniacian strata of the southern portion of the Western Interior Basin. Two of these, the 
pre-Tocito unconformity and the transgressive surface at the base of the upper sandstone 
member, were described in detail in chapters 2 and 3. The third surface is the Carlile- 
Niobrara unconformity, which is a regionally extensive unconformity present throughout
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much of the Western Interior. Each of these three surfaces are discussed below, including 
regional correlations and interpreted formation mechanisms. Regional correlations 
incorporate stratigraphic sections and biostratigraphic data from published sources and are 
based on both sedimentologic and biostratigraphic considerations. Biostratigraphic 
zonations are, as in chapter 2 (Fig. 2.11), based on fossil range zones from Kauffman et 
al. (in press). Correlation of these surfaces and the strata they bound forms the framework 
for the development of the regional stratigraphic and depositional synthesis presented in 
this chapter.
Pre-Tocito Unconformity
The pre-Tocito unconformity separates the Tocito Sandstone from the underlying 
Lower Mancos Shale and Gallup Sandstone. Biostratigraphic data presented in chapter 2 
demonstrate that this unconformity formed during the early Coniacian (lower part of 
assemblage zone C02). Stratigraphic and sedimentologic data presented in chapters 2 and 
3 show this unconformity to be strongly controlled by local structural elements, with 
submarine erosion focused on structural highs. Away from these structural highs (e.g. in 
the tectonic embayment landward of the anticline) the contact with the underlying Lower 
Mancos Shale is either conformable, or the unconformity is subtle and below both 
sedimentologic and biostratigraphic resolution.
Landward Correlation
Tracing this unconformity landward (southwest) of the localities discussed in 
chapters 2 and 3 has proven a difficult task. Most previous interpretations have correlated 
this unconformity to the lithostratigraphic base of the Tocito Sandstone in the updip 
direction (Fig. 4.2; Pentilla, 1964; Molenaar, 1983a,b). Since, in these updip locations, 
this surface separates underlying continental facies (Crevasse Canyon Formation, including 
Torrivio and Dilco Members) from overlying shallow marine sandstones (Tocito 
Sandstone), this surface has been most commonly referred to as a regional transgressive 
surface (Pentilla, 1964; Molenaar, 1983a,b). Although this undoubtedly is a proper 
lithostratigraphic correlation, it is not felt to be the correct correlation concerning either 
formation mechanism or timing.
Interpretations presented in chapters 2 and 3 suggest a more complex relationship. 
Data presented in chapter 3 indicate that the pre-Tocito unconformity, in downdip locations, 
formed as a submarine unconformity over tectonically uplifted basement blocks, and that it 
is overlain by a progradational, tide-dominated deltaic sequence represented by the lower 
sandstone member (Chapter 3). The most likely source for this progradational marine 
sequence was the Torrivio Member (refer to interpretation shown in Figure 3.22). The 
interpretation that the Torrivio Member sourced the lower sandstone member requires that
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the pre-Tocito unconformity in these distal locations correlates to somewhere beneath the 
Torrivio Member. The erosional surface at the base of the Tocito Sandstone in updip 
locations is interpreted as a transgressive surface and is overlain by strata interpreted to 
represent transgressive shelf sand ridges (Bergsohn, 1988). This surface is felt to be an 
extension of the intra-Tocito transgressive surface (ES-2 in chapters 2 and 3).
The presence of a regional unconformity beneath the Torrivio Member has in fact 
been suggested by several authors (Nummedal and Swift, 1987; Nummedal et al., 1989; 
Jones et al., 1991; Jennette et al., 1991; Nummedal and Riley, 1991; Wood, 1992; 
Nummedal and Molenaar, in review). This interpretation is based upon the observation 
that the base of the Torrivio Member is everywhere erosional (Nummedal et al., 1989; 
Flores et al., 1991) and, perhaps more importantly, by the gradual northward convergence 
of the base of the Torrivio Member and the top of the marine Gallup Sandstone (Molenaar, 
1983b; Nummedal and Riley, 1991). The presence of the regional truncation surface at the 
base of the Torrivio Member and the interpretation that the Torrivio Member is a lateral 
equivalent to the lower sandstone member suggest that the regional truncation surface at the 
base of the Torrivio Member is correlative to the pre-Tocito unconformity. Biostratigraphic 
data support but do not prove this interpretation. No age-diagnostic fossils have been 
found in the Torrivio Member, however, it truncates and overlies early Coniacian Gallup 
Sandstones containing Cremnoceramus erectus (Molenaar, 1983b), Lopha sannionis and 
Baculites yokoyamai(C01-C02) and is overlain by younger Tocito Sandstones.
Therefore, the Torrivio Member is most likely of early Coniacian age (C02-C04) and 
therefore similar in age to the lower sandstone member.
Black Mesa Basin
In the Black Mesa Basin, Arizona (Fig. 4.1) the upper sandstone member of the 
Toreva Formation comprises a coarse-grained, feldspathic, fluvial unit similar in both 
lithofacies and mineralogy to the Torrivio Member (Franczyk, 1987). This fluvial unit 
overlies a major unconformity that increasingly truncates strata from the southwest to the 
northeast (Franczyk, 1987). Although there is no direct age control for this interval, it 
truncates the late Turonian middle carbonaceous and lower sandstone members of the 
Toreva Formation and is overlain by Coniacian marine strata of the Wind Rock Tongue of 
the Mancos Shale (Franczyk, 1987). These observations suggest that the upper sandstone 
member of the Toreva Formation is probably contiguous with the Torrivio Member and that 
they both overlie a continuous unconformity. This conclusion was also reached by 
Franczyk (1987).
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Southeastern Arizona
Structural and stratigraphic relationships in southeastern Arizona, the inferred 
source for Upper Cretaceous strata of northwestern New Mexico and northern Arizona 
(Cumella, 1983), are interpreted by Hays (1970) as indicating the onset of a period of 
compressional tectonism, including folding and thrust faulting, sometimes in the late 
Turonian. The exact timing of the structural disturbance is unknown and it could have 
occurred any time during the Turonian through Santonian. However, Hays (1970) 
suggests that this structural movement is correlative with formation of the pre-Tocito 
unconformity in northwestern New Mexico. A regional tectonic uplift in this area could 
help explain the widespread truncation observed at the base of both the Toreva Member in 
the Black Mesa Basin and the Torrivio Member in the San Juan Basin.
Seaward Correlation
Numerous authors have suggested that the unconformity beneath the Tocito 
Sandstone correlates basinward to the widespread Carlile-Niobrara unconformity present 
throughout the Western Interior Basin (Dane, 1960; Pentilla, 1964; Nummedal and Swift, 
1987). This is in fact a very appealing correlation because the two unconformities are of 
somewhat similar ages. Also, the pre-Tocito unconformity is the most significant 
unconformity in the upper Cretaceous of the San Juan Basin region and the Carlile- 
Niobrara unconformity is one of the most extensive unconformities in the entire Western 
Interior. However, a detailed comparison of biostratigraphic data from the Turonian 
through Coniacian interval at Pueblo, Colorado (see Kauffman et al., 1985), to 
biostratigraphic data from the San Juan Basin region suggests that this correlation is 
incorrect.
At Pueblo, the Fort Hays Limestone Member of the Niobrara Formation is 
separated from the Juana Lopez Member by the Carlile-Niobrara unconformity (Fisher et 
al., 1985). This contact forms an erosional surface and locally removes the entire Juana 
Lopez Member (Fisher et al., 1985). The Fort Hays Member, above the Carlile-Niobrara 
unconformity, contains fossils of assemblage zone T i l  (Mytiloides fiegeifiegei, 
Mytiloides fiegei mytiloidiformis and Mytiloides dresdensis labiatoidiformis Troger), and 
the overlying Smoky Hill Shale contains fossils of assemblage zones COl 
(Cremnoceramus rotundatus Fiege, Cremnoceramus erectus) and C02 (Cremnoceramus 
erectus (late form), Cremnoceramus deformis (Barlow and Kauffman, 1985). This 
indicates that the Fort Hays Limestone Member is the chronostratigraphic equivalent of the 
upper part of the Gallup Sandstone and that the overlying Smoky Hill Shale is the 
chronostratigraphic equivalent of the Tocito Sandstone. The regionally extensive Carlile-
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Niobrara unconformity, therefore, chronostratigraphically correlates to some position 
within the Gallup Sandstone and not to the pre-Tocito unconformity.
King (1974) reached a similar conclusion through correlation of strata from the 
eastern San Juan Basin (Pagosa Springs, Springer, and Las Vegas, NM) to the western 
side of the San Juan Basin (Four Comers Platform). King (1974) noted: 1) the presence of 
an unconformity within the lower part of the Niobrara-equivalent Mancos Shale on the 
eastern side of the basin and 2) that the youngest Gallup Sandstones were of early Niobrara 
age. King (1974) therefore concluded that the unconformity that truncated the Gallup 
Sandstone (pre-Tocito unconformity) was younger than the regional Carlile-Niobrara 
unconformity and suggested that it correlated instead to the intra-Niobrara unconformity on 
the eastern side of the San Juan Basin.
The observations that the pre-Tocito unconformity and the equivalent basal Torrivio 
unconformity are primarily confined to the San Juan Basin region, and possibly eastern 
Arizona (basal Toreva unconformity) and that the unconformity is highly influenced by 
local structural movements indicate that this unconformity primarily formed in response to 
intrabasinal tectonic movements. The interpretations of tectonic movements in the source 
area at approximately the same time also support this interpretation. A regional fall in sea 
level cannot be ruled out during this time interval. However, the observation that relatively 
deep water calcareous mudstones of the Smoky Hill Shale were deposited in the basin's 
interior during its formation suggests that this was not likely the case. This general 
conclusion of local tectonism as the primary mechanism for formation of the pre-Tocito 
unconformity has been suggested by numerous authors (Dane, 1960; Pentilla, 1964; 
McCubbin, 1969; Molenaar, 1973; King, 1974; Campbell, written comm, in Tillman,
1985). Dane (1960, p. 54) suggested that this was the case, and stated:
The belt o f  loss o f  section o f  rocks o f  late Carlile age that extends in a west 
northwesterly direction across the northern part o f the San Juan Basin seem s, 
therefore, to be the most readily explained as the result o f  a  relatively abrupt hinge 
waiping o f  several hundred feet downward to the south along this belt during the time 
when the post-Juana Lopez beds o f the southern part o f  the basin were being 
deposited. The belt o f downwarping bordered an extensive relatively high platform to 
the north and an area o f  generally uniform subsidence to the south.
This “abrupt hinge warping” coincides with the location of the anticline discussed in the 
previous chapters.
Timing of Uplift
The timing of this uplift can be constrained for the western part of the San Juan 
Basin. Because neither the Gallup Sandstone nor the Lower Mancos Shale show evidence
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of syndepositional structural movement and the youngest Gallup Sandstone contains fossils 
of assemblage zones COl and lower C02, uplift must postdate the lower part of 
assemblage zone C02. Structural movement began before deposition of the Tocito 
Sandstone as evidenced by thinning of the lower sandstone member onto the crest of the 
anticline (chapters 2 and 3). Because the oldest Tocito Sandstone contains fossils of 
assemblage zone C02, the onset of movement can be constrained to the latter part of 
assemblage zone C 02 (ca. 88.97 Ma on chart). Uplift continued into the middle 
Coniacian, as indicated by the angular unconformity within the Tocito Sandstone at the 
Hogback oil field. Cessation of uplift is indicated by the presence of Tocito sandbodies on 
the crest of the structural high which contain fossils of assemblage zones C05 and C06 
(ca. 88.01 Ma on chart). Therefore, the entirety of the uplift occurred over a period of 
approximately one million years (88.97 to 88.01 Ma).
Rates of Uplift
Subsurface correlations (Appendix A) show that the maximum amount of structural 
relief on the Juana Lopez is approximately 70 m. This relief was created during the one 
million year time period discussed above and indicates that the average uplift rate was on 
the order of 0.07 mm per year. It should be noted that the "short term" rates of uplift could 
have been higher than this average rate.
Regional Tectonism
The pre-Tocito unconformity results from tectonic movements in and around the 
San Juan Basin. There is also evidence for tectonism throughout the Western Interior 
during this time (Merrewether and Cobban, 1986). Numerous, localized unconformities, 
spanning the latest Turonian and earliest Coniacian, have been documented throughout 
Colorado, Wyoming, and Montana (Merrewether and Cobban, 1986). These 
unconformities have been interpreted as a result of localized tectonic uplifts formed 
sometimes during the latest Turonian through earliest Coniacian (Merrewether and Cobban, 
1986; their figure 18). Weimer (1980) documents recurrent fault block movements in the 
vicinity of the present day Colorado Front Ranges within the Niobrara interval. Also, 
based on the subsidence history of the Green River Basin, Shuster and Steidtmann (1988) 
and Steidtmann and Middleton (1991) infer tectonic uplift of the present Wind River Range 
at approximately 90 Ma. These observations suggest that the tectonism responsible for 
formation of the pre-Tocito unconformity may have been part of a regional (basinwide) 
early Coniacian tectonic episode.
Carlile-Niobrara Unconformity
The Carlile-Niobrara unconformity is a widespread unconformity present 
throughout much of the Western Interior (Johnson, 1930; Dane et al. 1937, Hattin, 1962,
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1975). King (1974) concluded, based on biostratigraphic data collected in southern 
Colorado and northeastern New Mexico, that the Carlile-Niobrara unconformity formed 
between the end of the Inoceramus perplexus zone and the beginning of the Mytiloides 
lusatiae (Andert) zone. This would correspond to somewhere within assemblage zone T10 
(upper) or zone T11 (lower). As mentioned previously, the Fort Hays Limestone Member 
overlies the Carlile-Niobrara unconformity at Pueblo, Colorado, and contains fossils of 
assemblage zone T11 at the base (Fisher et al., 1985). Below the Carlile-Niobrara 
unconformity, the Juana Lopez Member contains fossils indicative of the lower part of 
assemblage zone T10 (Fisher et al., 1985). West of Pueblo, throughout south-central 
Colorado, a thin shale unit, referred to as the “Sage Breaks equivalent shale” (Fisher et al., 
1985), separates the Fort Hays Member from the underlying Juana Lopez Member. King 
(1974) referred to the equivalent shale section in New Mexico as the "unnamed shale 
member", and most recently this basal Niobrara shale interval has been referred to as the 
Montezuma Valley Member of the Niobrara Formation (R.M. Leckie, oral comm., 1992). 
This unit contains fossils of assemblage zone T i l  (Mytiloidesfiegei (Troger); Fisher et al., 
1985) and, where this shale unit is present, any lacuna associated with the Carlile-Niobrara 
unconformity is below biostratigraphic resolution. These data indicate that the Carlile- 
Niobrara unconformity most likely formed during the time interval containing assemblage 
zone T11 and probably in the earliest part of zone T11 (c.a. 89.06 Ma on chart).
San Juan Basin
The fact that the Carlile-Niobrara unconformity formed during the latest Turonian 
suggests that it correlates to somewhere within the Gallup Sandstone in the San Juan Basin 
region. Although no biostratigraphically resolvable unconformity has been recognized, 
analysis of the stacking pattern of Gallup Sandstone led Nummedal (1990) to propose that 
a sequence boundary was present near the middle portion of the Gallup Sandstone. The 
general stacking pattern of the Gallup Sandstone shows an early aggradational pattern 
associated with the oldest tongues (F to D tongues), a strongly progradational pattern 
associated with the middle portion (D through B tongues) and a later aggradational pattern 
associated with the youngest tongue (A tongue; Fig. 4.2; Molenaar, 1983b). Nummedal 
(1990) suggested that the strongly progradational pattern of the middle part of the Gallup 
Sandstone (Fig. 4.2) resulted from a decrease in the rate of generation of new 
accommodation space and therefore represents a fall or stillstand in relative sea level. The 
top of this strongly progradational sequence is incised and overlain by sandy channel fills, 
carbonaceous shales, and poorly developed coals (non marine Gallup in terminology of 
Molenaar, 1983b; Dilco Member in revised terminology of Nummedal and Molenaar, in 
review). Nummedal (1990) and Jones et al. (1991) interpreted this incised contact as a
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sequence boundary formed during a period of relative sea level fall. Nummedal and 
Molenaar (in review) further document the presence of the sequence boundary discussed 
above, and based on a regional synthesis of outcrop data interpret the Gallup Sandstone as 
an overall "3rd-order" highstand systems tract composed of numerous (6?) "4th-order" 
depositional sequences.
Although sequence boundaries are inferred within each of the Gallup tongues by 
Nummedal and Molenaar (in review), the most dramatic of these is the sahie boundary as 
identified by Nummedal (1990) and Jones et al. (1991). This surface truncates shoreface 
facies of the Gallup C tongue and is overlain by a complex association of estuarine and 
coastal plain facies (Fig. 4.3; Jones et al. 1991; Nummedal and Molenaar, in review). This 
surface is referred to as the C-sequence boundary (Fig. 4.3) by Nummedal and Molenaar 
(in review). Outcrop gamma-ray profiles across the surface show it to be associated with a 
dramatic increase in total gamma-ray counts, and spectral gamma-ray analyses indicates that 
uranium is the element responsible for this sharp gamma-ray spike (Jones et al., 1991). 
Petrographic samples (R. Cole, pers. comm., 1991; Jones et al., 1991) from beneath this 
surface reveal a zone of extremely altered feldspsars as compared to samples away from 
this surface. These data strongly suggest that this surface represents a subaerial exposure 
surface. The high degree of feldspar alteration is interpreted as a result of feldspar 
dissolution by meteoric waters (as in Bjorlykke et al., 1986; Emery et al., 1990) and the 
high uranium content may be a consequence of concentration of uranium-bearing organic 
matter in a soil profile.
A second distinct erosional surface occurs within the Gallup Sandstone and is cited 
as the second best candidate for a sequence boundary by Nummedal and Molenaar (in 
review). This surface is located downdip from Nose Rock Point (north of Sanostee; Fig.
4.1). In this area McCubbin (1982) identified a series of incised distributary channels that 
truncate the Gallup B strandplain and feed more distal Gallup shorefaces (Fig. 4.4). 
Nummedal and Molenaar (in review) also documented this incised distributary plain and 
suggest that it represents a sequence boundary associated with progradation of the Gallup 
B-tongue (Fig. 4.5).
Nummedal and Molenaar (in review) also documented an incised surface at the top 
of the Gallup D tongue (Fig. 4.3). They indicate that it is probably associated with a fall in 
sea level although its smaller areal extent and minor erosion suggest that it is less significant 
than the C and B boundaries.
The early Gallup tongues (F and E) and the youngest Gallup tongue (A) display 
much less evidence for sea level fall (Nummedal and Molenaar, in review). This is the 
expected pattern as these tongues show dominantly an aggradational stacking pattern (Fig.
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Figure 4.3. Cross section of outcrops in the vicinity of Nose Rock Point. Sequence 
boundaries are present within both the Gallup D and C tongues. Tidal and fluvial facies are 
present above the sequence boundaries and truncated shorefaces below. The Gallup C 
sequence boundary is the most dramatic and extensive one throughout the San Juan Basin 
area. From Nummedal and Molenaar (in review).
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Figure 4.4. Incised distributary plain in Gallup Sandstone. Approximate location of this 
area is shown in Figure 4.1. A) Map showing location of distributary channels. B) Cross 
section showing incised distributary plain feeding more distal Gallup shoreface sequence. 
The surface represents the Gallup sequence boundary and separates late highstand 
progradational strata from lowstand progradational and aggradational strata. Note the 
downward shift of the lower shoreface. This probably indicates a relative sea level fall. 
McCubbin (pers. comm., 1991) has found lagoonal strata above the distributary plain 
facies and feels that the youngest and most distal Gallup shorefaces may represent barrier 
islands.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.2) indicating generally higher rates of accommodation space development (i.e. overall 
rising relative sea level).
The association of sequence boundaries and strong progradation (D?, C and B 
tongues) suggest a period of time associated with a decrease in the rate of generation of 
accommodation space and most likely a period of overall falling relative sea level. 
Biostratigraphically the D, B and C tongues cannot be separated because they all overlie 
strata containing fossils indicative of assemblage zone T10 (Inoceramus perplexus, 
Prionocyclus novimexicanus) and no biostratigraphically significant fossils have been 
collected from the Gallup Sandstone above the C or D sequence boundaries (Fig. 4.6).
The Gallup Sandstone in the vicinity of Mitten Rock and farther seaward (above the B- 
sequence boundary) contains Lopha sannionis, Cremnoceramus erectus and Baculites 
yokoyamai (assemblage zone COl; Fig. 4.6). Therefore the time of strong progradation 
corresponds to some time between assemblage zones T10 and COl.
These relationships indicate that the strongly progradational stacking pattern of this 
Gallup interval (D?, C and B tongues; Fig. 4.2) and the associated sequence boundaries all 
closely correspond to the time of formation of the Carlile-Niobrara unconformity in the 
interior of the seaway (i.e. assemblage zone T-l 1). This correlation strongly suggests that 
the Carlile-Niobrara unconformity represents a (or a series of) regional sea level fall(s). 
This regional sea level fall is manifested by rapid progradation of the Gallup Sandstone and 
subaerial erosion in the San Juan Basin and by extensive submarine erosion in the interior 
of the Western Interior Seaway.
Transgressive Erosion Surface
As discussed in chapter 3, an extensive erosion surface separates the lower and 
upper sandstone members of the Tocito Sandstone. In the locations described in chapters 2 
and 3, this surface represents a shelf deflation surface formed during regional transgression 
subsequent to progradation of the lower sandstone member. Updip from these locations 
(near Sanostee; Fig. 4.1), the Tocito Sandstone overlies continental strata, including fluvial 
facies of the Torrivio and Dilco Members (Fig. 4.5). The Tocito Sandstone in this area 
forms a relatively thin northwest-southeast oriented sandbody that has been interpreted as a 
transgressive shelf sand ridge (Bergsohn, 1988). The base of this shelf sandstone is 
marked by a pebble and cobble lag containing abundant shark’s teeth and rare phosphatic 
intraclasts (Bergsohn, 1988). Locally this surface displays large wave ripples, with 
heights of up to 20 cm and wavelengths of one meter (Bergsohn, 1988). This surface 
marks a regional disconformity that separates the marine Tocito Sandstone from underlying 
nonmarine facies of the Crevasse Canyon Formation (Torrivio and Dilco Members). This 
surface is a ravinement surface formed by erosion of the shoreface during transgression
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
199
BEAUTIFUL MOUNTAIN, 2 3 .6 k m  SEAW ARD
B TONGUE McCUBBIN DEADMAN INDIAN
PINCH-OUT PT. AMPHITEATER CLIFFS STAIRS
15B  14B  13A 12B 11B
MANCOS SHALE
TOCITO
f vSs-i/
TIDAL CHANNEL 
TIDAL DELTA . 
SHOREFACE 
* '  (A TONGUE) ,I g q j i
SHOREFACE 
(B TONGUE)
SECTION
DISTAL SHOREFACE 
T T  (C TONGUE)
REGRESSIVE SURFACE 
OF MARINE EROSION
Figure 4.5. Cross section of outcrops in the vicinity of Beautiful Mountain. A sequence 
boundary is present above shorefaces of the Gallup B tongue. Tidal, lagoonal and bay-fill 
deposits overlie truncated B tongue shorefaces. There is a minor transgression that results 
in separation of the C tongue shorefaces from B tongue shorefaces, otherwise the B and C 
tongues represent a single major progradation. From Nummedal and Molenaar (in review)
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Figure 4.6. Schematic representation of sections updip from those discussed in previous chapters. Sections show fossil 
occurrences, key stratigraphic surfaces, lithostratigraphic nomenclature, and facies. Figure 4.4 is located approximately between 
the Sanostee area and the Mitten Rock area.
tooo
(Bergsohn, 1988) and is correlated to the transgressive erosion surface (shelf deflation 
surface) found seaward of the shoreline turnaround. The transgressive shelf sandbodies of 
the Tocito Sandstone in this area are sourced through transgressive erosion of underlying 
coarse-grained Torrivio fluvial channel fills (Bergsohn, 1988), whereas the more seaward 
transgressive shelf sandbodies discussed in chapter 3 (upper sandstone member) are 
derived from reworking of the underlying lower sandstone member of the Tocito 
Sandstone.
Farther updip (Nose Rock Point; Fig. 4.6) this transgression is marked by the base 
of the Mulatto Tongue of the Mancos Shale. At its base, the Mulatto Tongue often contains 
a thin sand and gravel lag, which is lithologically similar to the Tocito Sandstone. The 
Mulatto Tongue disconformably overlies continental facies of the Dilco Member 
(Nummedal et al., 1988). This disconformity is a ravinement surface and is the updip 
equivalent of the ravinement surface in the Sanostee area. In concert these transgressive 
surfaces form a continuous transgressive erosion surface formed during a major regional 
transgression in the middle and late Coniacian (see Molenaar, 1983b).
SEQUENCE STRATIGRAPHY: LATE TURONIAN-CONIACIAN
The data presented in the previous discussion are used to produce a regional 
stratigraphic cross section (Fig. 4.7) that sillustrates the stratigraphic relationships of upper 
Turonian and Coniacian strata from the western side of the San Juan Basin to Pueblo, Co. 
(location of sections shown in figure 4.1). A chronostratigraphic diagram of this section, 
based on existing biostratigraphic data, is shown in figure 4.8.
Subsidence Patterns and Controls on Relative Sea Level
One of the critical controls on sediment distribution in the Western Interior is the 
regional pattern of subsidence. A significant component of the subsidence pattern is related 
to thrust loading of the Sevier orogenic belt (Jordan, 1981; Beaumont, 1981; Cross, 1986; 
M. Pang, dissertation in prep.). As a consequence of thrust-loading, subsidence rates 
increase toward the thrust belt and toward the sediment source. This is very unlike the 
subsidence pattern of passive margin basins, typically used in sequence stratigraphic 
models (Posamentier and Vail, 1988; Posamentier et al., 1988), where subsidence 
increases toward the center of the basin and away from the sediment source (Pittman, 1978; 
Beaumont et al., 1982; Allen and Homewood, 1986; Christie-Blick, 1991).
M. Pang (dissertation, in prep.) has derived a number of subsidence curves from 
well logs and outcrops throughout the southern portion of the Western Interior basin.
Figure 4.9 shows a series of these curves that closely correspond to locations along the 
regional stratigraphic cross section. These curves, as well as the thickness patterns
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Figure 4.7. Regional stratigraphic cross section from Gallup, NM to Pueblo. CO. Following is the list of sections 
for each section. A=Nose Rock Point - Sec. 14, 16N-R17W (Nummedal et al., 1988). B= Sanostee section - Sec. 
(Nummedal et al., 1988: distance to Juana Lopez derived from Molenaar (1983b). D=Roadside Dump - Sec. 5. T2 
E=San Juan River-4 - Sec. 28, T30N-R18W (this study; distance to Juana Lopez from well loss used in Campbe 
R19W (this study). H=The Mounds - Sec. 25, T33.5N- R19W (this study; Pentilla. 1964). I=E1 Vado - T29N RA 
K=Farisita - T26S-R69E (Fisher et al., 1985). L=Canon City - T18S-R70E (Fisher et al.. 1985). M=Pueblo - T2C 
fossil occurrences from that location, a listing of the fossils corresponding to each number follows. 1= Inoceratm 
Inoceramus perplexus, Prionocyclus novomexicanus. 4= Lopha sannionis. 5= Baculites yokoyamai, Lopha sannu 
erectus (late form). 8= Volviceramus involutus, Peroniceras westphalicum. 9-Gauthiericeras roqueii. 10= Scaphi 
Cremnoceramus inconstans woodsii. 14= Inoceramus waltersdorfensis, Volviceramus involutus, Inoceramus subt 
Mytiloides fiegei, Mytiloides dresdensis, Mytiloides lusatia. 18= Cremnoceramus deformis at base and Volviceran
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CO. Following is the list of sections used in constructing the cross section as well as the sources for both lithologic and biostratigra 
1.. 1988). B= Sanostee section - Sec. 12. T26N-R20W (Jones et al., 1991; Molenaar 1983a). C= Mitten Rock - Sec. 12, T27N-R20 
53b). D=Roadside Dump - Sec. 5, T29N-R19W (this study; distance to Juana Lopez derived from Molenaar ( 1983b) and Pentilla (IS 
)pez from well logs used in Campbell (1979)). F=Hogback Oil Field - Sec. 19. T29N-R16W (this study). G=Plunge Pool - Sec. 5 ,' 
entilla. 1964). I=E1 Vado - T29N R4E (McPeek. 1965; King. 1974; Landis et al., 1974). J=Red Wing - T26S-R71E (Fisher et al., 
Fisher et al.. 1985). M=Pueblo - T20S-R66E (Scott, 1969; Barlow and Kauffman, 1985: Fisher et al.. 1985). The circled numbers i 
each number follows. 1= Inoceramus dimidius, Pryonocyclus macombi, Lopha lugubris. 2= Inoceramus perplexus, Lopha lugubri. 
= Baculites yokoyamai, Lopha sannionis. 6= Prionocyclus wyomingensis, Inoceramus dimidius, Prionocyclus macombi. 1 -  Cremm 
=Gauthiericeras roqueii. 10= Scaphites whitfieldi. 11= Cremnoceramus deformis. 12= Inoceramus perplexus, Scaphites whitfieldi. 
iceramus involutus, Inoceramus subquadratus. 15= Mytiloides fiegei. 16= Prionocyclus wyomingensis. 17= Cremnoceramus erecti 
imus deformis at base and Volviceramus involutus at top.
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s used in constructing the cross section as well as the sources for both lithologic and biostratigraphic data 
. 12. T26N-R20W (Jones et al.. 1991; Molenaar 1983a). C= Mitten Rock - Sec. 12. T27N-R20W 
29N-R19W (this study; distance to Juana Lopez derived from Molenaar (1983b) and Pentilla (1964)).
:11 (1979.)). F=Hogback Oil Field - Sec. 19. T29N-R16W (this study). G=Plunge Pool - Sec. 5. T32N- 
4-E (McPeek, 1965; King. 1974; Landis et al., 1974). J=Red Wing - T26S-R71E (Fisher et al., 1985). 
3S-R66E (Scott, 1969; Barlow and Kauffman, 1985; Fisher et al., 1985). The circled numbers refer to 
'us dimidius, Pryonocyclus macombi, Lopha lugubris. 2= Inoceramus perplexus, Lopha lugubris. 3= 
ionis. 6= Prionocyclus wyomingensis, Inoceramus dimidius, Prionocyclus macombi. 7= Cremnoceramus 
ites whitfieldi. 11= Cremnoceramus deformis. 12= Inoceramus perplexus, Scaphites whitfieldi. 13= 
^quadrants. 15= Mytiloides fiegei. 16= Prionocyclus wyomingensis. 17= Cremnoceramus erectus, zones of 
mus involutus at top.
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Figure 4.8. Chronostratigraphic section for strata shown in Figure 4.7. Cross-hatches represent lacuna. Queries indicate 
unknown duration. Wavy lines indicate a distinct erosional surface. Chronostratigraphy is based on fossil occurrences listed in 
Figure 4.7 caption and range zones shown in chapter 2 (Fig. 2.11).
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Figure 4.9. Subsidence curves and relative sea level curves for sections on regional cross section. A) Total and tectonic 
subsidence curves developed for specific locations near sections used in regional cross section. All but the Crown Point curve 
are from well logs. Curves are courtesy of M. Pang (dissertation, in prep.). B) Relative sea level curves for Gallup and Pueblo 
regions. Curves derived from addition of average subsidence rates during latest Turonian with a theoretical eustatic sea level 
curve. Derivation of eustatic curve discussed in text. Also shown are approximate positions of stratigraphic units with respect to 
relative sea level curve. 204
observed on the cross section, clearly illustrate that subsidence rates, during the time 
interval in question, decrease toward the east away from the sediment source.
These geographic variations in subsidence have great consequences for the relative 
sea level history of specific locations along the cross section and, therefore, for the 
stratigraphic record preserved at each location. A simple way of illustrating the control of 
subsidence on the relative sea level history is to develop relative sea level curves by 
combining the local average subsidence rates for the eastern- and western-most locations 
with a theoretical sinusoidal regional sea level curve (Fig. 4.9). Although the regional sea 
level curve employed here is meant to be only a schematic representation, an attempt has 
been made to constrain this curve. Nummedal (1990) suggests the presence of a sequence 
boundary at the base of the Juana Lopez Member and the most significant sequence 
boundary in the Gallup Sandstones is at the top of the Gallup C tongue. Because these 
sequence boundaries most likely formed at similar positions on the regional sea level curve, 
and because they are separated by approximately one million years (Nummedal, 1990), the 
regional sea level curve is assigned a period of one million years. The amplitude of the 
regional sea level curve is determined by assuming that the combination of regional sea 
level and subsidence should yield approximately 10 m of relative sea level fall in the Gallup 
region (regional sea level + subsidence = relative sea level). The value of 10 m is 
approximately that required to create the incision observed at the sequence boundary within 
the Gallup C tongue at Nose Rock Point (D. Nummedal, oral comm., 1991). That the total 
relative sea level rise in the Gallup area (100 m of total rise during Gallup deposition) 
approximates the total stratigraphic rise observed for the Gallup Sandstone (Fig. 4.2; 
Nummedal and Molenaar, in review) adds additional support for this derived relative sea 
level curve.
In order to achieve 10 m of sea level fall at Nose Rock Point the amplitude of the 
regional sea level curve must be slightly greater than 50 m. The very low subsidence rates 
at Pueblo have little impact on the regional sea level curve and the relative and regional sea 
level histories are very similar during this time interval. These resultant relative sea level 
curves dramatically illustrate the influence of spatial variation in subsidence rates on the 
local relative sea level history. A 10 m sea level fall in updip locations (Gallup region) 
would correspond to approximately 50 m of sea level fall in the distal portions of the basin 
(Pueblo).
DEPOSITIONAL HISTORY
A depositional history for these upper Turonian and Coniacian strata can be inferred 
from the stratigraphic relationships illustrated in the cross sections (Figs. 4.7 and 4.8).
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These interpretations are shown on a series of block diagrams illustrating both stratigraphic 
relationships and the distribution of depositional environments for selected time intervals 
(Figs. 4.10-4.15). These diagrams are developed from the sections used in the regional 
stratigraphic section and are intended only as a generalized two-dimensional representation. 
Also note the lack of a horizontal scale.
Systems T rac t Terminology
Nummedal and Molenaar (in review) suggest that the Gallup Sandstone represents a 
"3rd order" highstand systems tract composed of smaller "4th order" depositional 
sequences. Although this is one way to describe this interval, it seems to overlook 
potentially the most important geometric characteristic of the Gallup Sandstone. That is the 
aggradational'progradational-aggradational pattern of the entire Gallup Sandstone interval. 
This pattern is very characteristic of highstand aggradation followed by lowstand 
progradation and incision followed by late lowstand aggradation (Vail et al., 1991).
It might seem that referring to the later aggradational package (Gallup B-A tongues) 
as lowstand deposits is inappropriate, because they were deposited at a higher relative sea 
level than preceding (preserved) highstand deposits. This is apparent from the regional 
cross section, which shows shorefaces of the latest Gallup tongues to lie stratigraphically 
approximately 100 m above shorefaces of the older, highstand tongues (Fig. 4.2; 
Nummedal and Molenaar, in review).
This relationship is, however, expected in ramp margins. In ramp margin settings, 
unlike basins with well-defined shelf/slope transitions, there is no topographic slope to 
transport sediment down. Instead, shoreline facies will prograde across a relatively flat 
shelf while fluvial erosion truncates preexisting highstand deposits to an approximately 
similar elevation as the newly deposited shelf sediments. When sea level begins to rise, the 
ensuing deposits will rapidly climb stratigraphically higher relative to all preceding 
highstand deposits. The only stratigraphic downward stepping will be a result of the slope 
of the erosional fluvial profile and the slope of the shelf surface across which the shoreline 
progrades.
The term lowstand will be used in the following discussion for the latest 
aggradational phase of the Gallup Sandstone. This terminology is used because of the 
interpretation that deposition of these strata follows a fall in regional sea level.
Furthermore, although these strata are stratigraphically higher than the preceding highstand 
deposits, they do exhibit a dramatic (100 km) seaward (basinal) shift in the location of the 
shoreline.
Another important consideration in systems tract terminology is one of scale. 
Nummedal and Molenaar (in review) indicate that each Gallup Tongue forms a complete
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Figure 4.10. Schematic representation of environments from proximal (W) to distal (E) locations during late highstand (T10). 
Aggradation of early Gallup tongues concurrent with slow sedimentation in the basins interior and continued deposition of 
condensed facies associated with the Juana Lopez Member.
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Sequence Boundary and Lowstand Progradation (T10-T11) 
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Figure 4.11. Schematic representation of environments from proximal (W) to distal (E) locations during the period of rapid 
progradation of the Gallup C and B tongues. The sequence boundary underlies the estuarine facies of the Gallup sandstone at 
Nose Rock Point and the incised distributary plain near Sanostee. It is a correlative conformity in the Mancos Shale wedge 
farther seaward. Concurrent with this rapid progradation and incision is widespread erosion in the interior of the basin and 
formation o f the Carlile-Niobrara unconformity. Note the seaward thinning o f both highstand and lowstand deposits.
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Late Lowstand (Tll-COl) 
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Figure 4.12. Schematic representation of environments from proximal (W) to distal (E) locations during late lowstand.
Aggradation of Gallup shorefaces in downdip locations (B-A tongues) indicates rising relative sea level. Some of these 
shorefaces may represent barrier islands as suggested by the presence of lagoonal facies above the distributary plain. Rising sea 
level initiates limestone deposition at Pueblo (Fort Hays Member).
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Pre-Tocito and Basal Torrivio Unconformity (C02-C03) 
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Figure 4.13. Schematic representation of environments from proximal (W) to distal (E) locations during formation of the pre- 
Tocito unconformity and progradation of the lower sandstone member. Tectonic uplift results in regional erosion at the base of 
the Torrivio Member and on submarine highs. The lower sandstone member was deposited in a tide-dominated delta fed by the 
Torrivio Member. Regressive fluvial facies of the Torrivio Member were deposited above the basal Torrivio unconformity. 
Concurrent with deposition of the lower sandstone member was deposition of the lower shale member of the Smoky Hill Shale.
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Regional Transgression (C04-C05)
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Figure 4.14. Schematic representation of environments from proximal (W) to distal (E) locations during regional transgression. 
Transgression results in reworking previously deposited progradational strata into transgressive shelf facies. Continued tectonic 
uplift is indicated locally and results in an angular relationship between transgressive erosion surface and pre-Tocito 
unconformity. Transgressive erosion surface is a ravinement surface from approximately the Mitten Rock location and farther 
landward and a shelf deflation surface seaward of this location. The initial flooding surface separates fluvial facies of the Torrivio 
Member deposited during progradation of the lower sandstone member from estuarine facies of the Torrivio Member and coastal 
plain facies of the Dilco Coal Member deposited during transgression. A decrease in clastic input serves to reestablish limestone 
deposition at Pueblo.
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Figure 4.15. Schematic representation of environments from proximal (W) to distal (E) locations at approximately maximum 
transgression. y
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"4th order" depositional sequence. The following discussion addresses the Gallup 
Sandstone during three phases, the early aggradational phase, the middle progradational 
phase and the latest aggradational phase. Therefore the systems tracts as used here would 
consist of smaller "4th order" sequences as defined by Nummedal and Molenaar (in 
review).
Highstand Progradation (Late Turonian-TIO)
Progradation of the Gallup Sandstone postdates a regional transgression 
represented by the upper part of the Juana Lopez Member (Nummedal, 1990; Pasley,
1991). The top of the Juana Lopez Member contains abundant fossil debris, including 
inoceramids and ammonites, and fish teeth and vertebrae. This interval also contains 
numerous small phosphate clasts (Nummedal, 1990). The abundant fossil debris and the 
presence of phosphate suggest a period of sediment starvation (Nummedal, 1990). The top 
of the Juana Lopez also approximates a regional downlap surface (maximum flooding 
surface) based on the observance of downlap on regional subsurface well log cross 
sections (D. Nummedal, written comm., 1991; D. McCubbin, oral comm., 1991), a 
change from generally transgressive or retrogradational stacking patterns (fining upwards 
well log pattern) below to aggradational or progradational stacking patterns (coarsening- 
upwards well log response) above (see Molenaar and Baird, 1992) and that the top of the 
Juana Lopez Member becomes younger basinward (Lamb, 1968).
Above the Juana Lopez Member, shoreline facies of the lowermost tongues of the 
Gallup Sandstone) show an aggradational stacking pattern (F to D tongues; Figs. 4.2 and 
4.7). Regressive shelf facies associated with these lowermost Gallup shorefaces downlap 
onto the Juana Lopez Member while farther into the basin terrigenous sedimentation rates 
remained low and condensed facies associated with the top of the Juana Lopez continued to 
form. This stacking pattern suggests a relative balance between the rate of generation of 
new accommodation space (relative sea level) and sedimentation rate such that there is no 
major shoreline displacements. The aggradational stacking pattern above a maximum 
flooding surface is characteristic of the early portion of the highstand systems tract (Vail, 
1987).
Late Highstand - Sequence Boundary - Early Lowstand (T10-T11)
Subsequent to the aggradational pattern exhibited by the early Gallup tongues, the D 
through B tongues show a transition to a strongly progradational pattern (Nummedal,
1990; Fig. 4.2). These tongues are also associated with the most extensive and best 
defined subaerial sequence boundaries. This pattern begins with the D tongue which 
shows the beginning of the progradational stacking pattern, and is also associated with a 
relatively well defined sequence boundary (Nummedal and Molenaar, in review; Fig. 4.3).
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The progradational pattern is most evident in the C and B tongues, and these tongues are 
also associated with the best developed erosional sequence boundaries (Nummedal and 
Molenaar, in review). The progradational stacking pattern of these shoreface deposits and 
the presence of well developed sequence boundaries is most readily explained as a result of 
an overall decrease in the rate of generation of new accommodation space at the shoreline 
(Plint, 1988; Rosenthal, 1988; Nummedal, 1990; Posamentier and Chamberlin, in press; 
Nummedal et al., in press). This pattern of rapid progradation following the aggradational 
package is characteristic of the late part of the highstand systems tract (Vail, 1987) and 
reflects a decrease in the rate of relative sea level rise and most likely a relative fall (Fig. 
4.9). In the revised terminology of Nummedal (1992) and Nummedal and Plint (in prep.) 
these strata would represent the falling stage systems tract.
A period of widespread erosion is indicated by the erosional truncation and 
subaerial exposure observed at the top of the Gallup shoreface at Nose Rock Point (C 
sequence boundary) and by incision of the distributary plain near Sanostee (B sequence 
boundary). This erosion is interpreted as resulting from a regional lowering of base level 
(relative sea level) and subsequent fluvial incision. During this time, the Gallup shoreline 
prograded rapidly to the northeast Regional progradation deposited the unnamed shale 
member (El Vado) and the “Sage Breaks equivalent” shale farther into the basin. This 
interval forms the newly defined "Montezuma Valley Member of the Niobrara Formation" 
(M. Leckie, oral comm., 1992). This shale wedge thins seaward and pinches out near 
Pueblo. This gradual thinning is interpreted as primarily a result of seaward depositional 
thinning and only minor erosional truncation. Falling relative sea level also initiated 
formation of the Carlile-Niobrara unconformity throughout the interior of the basin (Hattin, 
1975; Weimer, 1986). This unconformity is accentuated by the lack of highstand and 
lowstand clastic sediments in these basinal locations. The Carlile-Niobrara unconformity at 
Pueblo erosionally overlies the condensed section associated with the transgression prior to 
Gallup progradation (Juana Lopez Member). Erosive conditions in the interior of the basin 
were highly enhanced, however, by the decrease in water depth associated with falling 
relative sea level. No evidence of subaerial exposure has been identified in association with 
this unconformity in basinal locations (Hattin, 1975; Weimer, 1986), and it is thought to be 
formed entirely by submarine processes.
The sequence boundary is recognized as a surface that shows evidence of falling 
relative sea level (abrupt downward or seaward shift in facies; as in Van Wagoner et al., 
1990). This surface is relatively easily identified in updip locations (Nose Rock Point), 
where an extensive subaerial erosion surface truncates underlying shoreface sandbodies 
(Fig. 4.3), however, farther downdip the precise location of this surface is more difficult to
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define. This difficulty is, in part, a consequence of the fact that as the subaerial erosion 
surface is forming in updip locations the Gallup strandplain is prograding rapidly to the 
northeast (i.e. forced regression of Posamentier et al. (in press); falling stage systems tract 
of Nummedal (1992) and Nummedal and Plint (in prep.)), and an equivalent regional 
erosion surface is unlikely. The base of the distributary channels identified by McCubbin 
(1982) near Sanostee are most likely the expression of a sequence boundary in this area 
(Fig. 4.5). Farther seaward the sequence boundary is a correlative conformity within the 
shale wedge (i.e. Mancos Shale (San Juan Basin), unnamed shale member (El Vado), and 
“Sage Breaks equivalent shale” (south-central Colorado)). The observation that the 
majority of the “Sage Breaks equivalent” Shale contains fossils of assemblage zone T11 
(not assemblage zone T10) suggests that the majority of this shale wedge is associated with 
this rapid progradation. Still farther seaward the sequence boundary is represented by the 
Carlile-Niobrara unconformity.
Early lowstand deposits overlie the sequence boundary and are deposited as the 
shoreline continues to prograde during relative sea level stillstand, subsequent to sea level 
fall. These deposits consist of the Gallup shoreface at Mitten Rock (Fig. 4.5) and the 
upper part of the extensive shale wedge (Mancos Shale, unnamed shale member, and Sage- 
Breaks equivalent) farther into the basin. Precise separation of early lowstand deposits 
from those formed during sea level fall is not possible in these distal locations. These 
lowstand deposits are observed to pinch-out landward of the Pueblo location, where 
apparently, erosion and formation of the sequence-bounding unconformity continued. 
Differential Subsidence
As a consequence of the basinward decrease in subsidence, the relative sea level 
histories of the landward and basinward locations were considerably different (Fig. 4.9). 
The fall in relative sea level would have begun earlier and continued longer at Pueblo than it 
did near Gallup. More importantly, however, the amount of sea level fall at Pueblo would 
have been approximately five times the sea level fall in the Gallup region. One can clearly 
envision a situation in which the fall in regional sea level is insufficient to create a fall along 
the basin margin but results in a fall in the basins interior. These relationships suggest that 
as a consequence of a regional sea level fall in foreland basins there is widespread 
submarine erosion in the basin's interior concurrent with rapid progradation along the basin 
margin.
Late Lowstand (T ll-C O l)
Subsequent to the progradational pattern of the Gallup tongues (C and B?), Gallup 
shorefaces once again show an aggradational stacking pattern (Figs. 4.2 and 4.4). This 
pattern suggests a general balance between sea level rise and sedimentation rate. Locally,
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lagoonal deposits, including washover fans, are preserved above the distributary plain 
shown in figure 4.4 (McCubbin, 1982; and oral comm., 1991), suggesting that the most 
seaward and youngest Gallup sandbodies (A tongue) may have formed barrier islands (Fig.
4.6). This pattern of aggradation following rapid progradation is characteristic of the late 
lowstand systems tract and is a consequence of renewed sea level rise (Vail et al., 1991).
Farther seaward, deposition of the unnamed shale member and the “Sage Breaks 
equivalent” shale continued. However, most of this shale probably accumulated during 
rapid progradation associated with falling sea level and early lowstand. Rising relative sea 
level in combination with minimal clastic input resulted in an increase in water depth at 
Pueblo and initiated deposition of the Fort Hays Limestone Member. During the initial 
stages of carbonate deposition the water depths were relatively shallow, as indicated by 
paleoecological studies of the Fort Hays Limestone Member at Pueblo (Fisher et al., 1985). 
The basal beds of the Fort Hays Member at Pueblo contain biofacies suggesting deposition 
on a relatively shallow carbonate platform occasionally affected by storms, whereas, above 
these basal beds the upper Fort Hays and Smoky Hill Shale biofacies indicate an upward 
increase in water depth (Fisher et al., 1985).
Tectonic Unconformity and Progradation (C02-C03)
The Gallup Sandstone and coeval facies are truncated by a regional erosion surface 
at the base of the Torrivio Member and on structural highs in offshore locations beneath the 
Tocito Sandstone (chapters 2 and 3). The gradual convergence of the base of the Torrivio 
Member and the Gallup Sandstone suggests a regional southerly tilt of all pre-Tocito strata. 
The dramatic lacuna of the pre-Tocito unconformity is associated with a structural anticline 
resulting from rejuvenation of pre-existing structures. Along the anticline the tectonic 
unconformity truncates and replaces the Carlile-Niobrara sequence boundary. Locally, in 
the tectonic embayment landward of the anticline, the base of the Tocito interval is 
apparently conformable with the underlying Lower Mancos Shale (Fig. 4.7). This 
relationship is best observed at the Hogback oil field, where the base of the Tocito is 
indicated by the abrupt presence of glauconite and large quartz sand grains (see chapter 2), 
with no evidence of erosion.
Above the pre-Tocito unconformity the lower sandstone member and offshore 
equivalents indicate a major regional progradation (chapter 3). In updip locations, Miall 
(1991) identified a lower regressive component of the Torrivio Member that most likely 
represents aggradation of incised Torrivio fluvial valleys during this progradation. This 
progradation is directly evident as far east as El Vado (Fig. 4.1), where the Cooper Arroyo 
Sandstone forms a coarse-grained, crossbedded sandstone lithologically similar to the 
Tocito Sandstone (King, 1974). Chronostratigraphically the Cooper Arroyo Sandstone
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closely corresponds to the age of the lower sandstone member (C02-C03). Furthermore, 
King (1974) suggested the presence of an unconformity at the base of the Cooper Arroyo 
Sandstone and indicated that it was the probable equivalent of the pre-Tocito unconformity 
on the western side of the basin. At Pueblo this progradation results in an increase in 
clastic deposition and a change from deposition of limestones of the Fort Hays Limestone 
to calcareous shales of the lower shale member of the Smoky Hill Shale.
As mentioned previously the lack of a major unconformity within this interval at 
Pueblo and the strong tectonic control on the distribution of the pre-Tocito unconformity 
primarily indicates "local" tectonic movements. Furthermore throughout much of the 
Western Interior Basin this time period was associated with a major regional transgression 
and widespread deposition of limestones and calcareous shales of the Niobrara Formation 
(Hattin, 1975; Merrewether and Cobban, 1986). Within the interior of the basin there is no 
evidence for sea level fall at this time.
Regional Transgression - Transgressive Erosion Surface (C04-C06)
Deposition of the Mulatto Tongue of the Mancos Shale indicates a major regional 
transgression in the San Juan Basin (Molenaar, 1983,a,b; Fig. 4.2). Throughout the 
Western Interior Basin this transgression is reflected in widespread deposition of the 
calcareous Niobrara Formation (Barlow and Kauffman, 1985). In total this transgression 
resulted in 150 km of landward shoreline displacement in the San Juan Basin region 
(Molenaar, 1983b). During transgression part of both the lower sandstone member of the 
Tocito Sandstone and the Torrivio Member were truncated by shelf and by shoreface 
erosion. These eroded sediments were molded into transgressive shelf facies (sand ridges 
and sand wave fields) of the upper sandstone member. This transgressive episode is 
illustrated in two steps (Figs 4.14 and 4.15) The first (Fig. 4.14) shows the active 
depositional systems during rapid shoreline transgression and the second (Fig. 4.15) 
shows the stratigraphy and environments at the end of this transgression (compare to figure
4.7) when water depth had increased substantially.
The transgressive erosional surface at the base of the upper sandstone member 
formed as a result of shelf erosion seaward of the Gallup shoreline, and erosional shoreface 
retreat in more proximal positions. This erosional surface, although forming an extensive 
continuous surface, is expected to be highly diachronous (see Nummedal and Swift, 1987; 
Nummedal et al., in press). Although there is insufficient biostratigraphic control, 
transgressive shelf facies of the upper sandstone member most likely become younger in 
the landward direction, reflecting the "time-transgressive" nature of transgressions. Also 
during this transgression, the majority of the Torrivio Member was deposited in updip 
estuarine facies (Miall, 1991). These estuarine Torrivio facies would be separated from the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
underlying regressive fluvial facies of the Torrivio Member by the "initial flooding surface" 
or bay flooding surface. This surface represents the change from fluvial aggradation 
associated with progradation to aggradation of estuarine and coastal plain facies during 
transgression (refer to Nummedal et al., in press). These Torrivio estuarine facies are 
chronostratigraphically equivalent to transgressive shelf facies of the upper sandstone 
member. These transgressive marine and non-marine chronostratigraphic equivalents are 
separated by the transgressive erosion surface (ravinement and shelf deflation; refer to 
Nummedal and Swift, 1987; Nummedal et al., in press).
DISCUSSION
Gallup Progradational Sequence
The data presented in this chapter allow documentation of the distribution of strata 
and surfaces within a major progradational sequence. In sequence stratigraphic 
terminology this progradational sequence would correspond to parts of two separate 
depositional sequences. This progradational sequence contains a highstand systems tract 
overlain by a "falling stage systems tract" (Nummedal, 1992) and is capped by the 
lowstand systems tract.
The geometry of this "Gallup sequence" is highly dependent on both the regional 
variations in relative sea level and sediment supply. High subsidence rates in the proximal 
locations limit both the duration and the magnitude of sea level fall in these areas, while low 
subsidence rates in the basin interior allow for a substantial relative fall. The higher 
subsidence rates in updip locations also enhance the accumulation (trapping) of sediment in 
these locations at the expense of sedimentation in the basin interior. This is manifested in 
the distribution of both highstand and lowstand sediments, which combine to form a 
basinward-thinning wedge, pinching out at successively more basinward locations (Figs. 
4.7 and 4.15).
The sequence-bounding unconformity does not become a correlative conformity in 
the basin interior, as is the case in passive margin settings (Vail et al., 1984). Rather, an 
extensive unconformity forms within the interior of the basin (Carlile-Niobrara sequence 
boundary) as a result of rapidly falling sea level and minimal clastic sedimentation. The 
correlative conformity is, however, located in the shale wedge and Gallup shorefaces, 
seaward of the zone of subaerial incision and landward of the extensive erosional realm. 
This package of relatively conformable strata represents the falling sea level systems tract of 
Nummedal (1992) and the forced regression deposits of Posamentier et al. (in press). 
Separation of these strata from late highstand deposits and therefore the identification of a 
single surface that represents the sequence boundary has not been possible. This is most
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likely a consequence of the fact that unlike non-marine locations, where fluvial base level 
decreased and regional erosion occurred, the nearshore zone still maintains sufficient 
accommodation space for sediment deposition and preservation. That is, although water 
depth may indeed decrease, a change from, for example, 60 m water depth to 50 m is 
unlikely to initiate a substantial shift in the shelf hydrodynamic regime. Therefore a 
regionally persistent erosion surface is unlikely.
Farther into the basin at Pueblo, the sequence boundary is easily recognized as the 
Carlile-Niobrara unconformity. At this location, highstand and early lowstand deposits are 
entirely lacking as a consequence of insufficient clastic input and erosion. The first 
sediments to accumulate here, within the "Gallup sequence", are limestones (Fort Hays 
Limestone Member) deposited as a result of rising relative sea level and resultant increased 
water depth. These deposits are within the late lowstand systems tract and are equivalent to 
the aggradational shoreface and barrier island facies of the youngest Gallup Sandstone.
Before the transgressive or backstepping systems tract of this "Gallup sequence" 
could form, it was disrupted by a period of tectonism and deposition of the Tocito 
Sandstone.
Tectonics Versus Regional Sea Level: A Comparison of the Carlile Niobrara 
Sequence Boundary and the Pre-Tocito Unconformity
The data and interpretations presented in this chapter document the presence of two 
unconformities and correlative conformities within the southern portion of the Western 
Interior Basin. One of these unconformities, the Carlile-Niobrara sequence boundary 
formed as a response to a regional fall in sea level, whereas the other, the pre-Tocito 
unconformity, formed as a result of local and possibly sub-regional tectonic uplift. These 
unconformities possess different characteristics as a result of their different formation 
mechanisms, and as such may prove useful in developing criteria for distinguishing 
between the effects of eustasy and tectonic uplift.
A regional sea level fall is felt first at the shoreline, where it "pulls" the shoreline in 
the seaward direction leading to a forced regression (Posamentier et al., in press) or a 
falling stage systems tract (Nummedal, 1992; Nummedal and Plint, in prep.). The 
nearshore zone may also be affected as the water depth decreases and the zone of "fair 
weather wave base" impinges on more basinward locations (Plint, 1988). The impacts on 
other depositional sites are a secondary response to these changes at the shoreline. The 
response of fluvial systems to sea level fall is still somewhat controversial (Miall, 1991b; 
numerous abstracts in GSA annual meeting, 1991), however, it is undoubtedly true that if 
the relative fall is sufficiently rapid then fluvial incision will occur and result in the 
formation of incised valley networks (Van Wagoner et al., 1990). Incision of the fluvial
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system during falling regional sea level is a consequence of the river mouth falling below 
the equilibrium fluvial profile (Nummedal et al., in press) and is expected to proceed as a 
process of headward nickpoint migration, initially only affecting the lower reaches of the 
alluvial system. This conclusion is supported by laboratory and field studies (Schumm, 
1981; Richards, 1982) as well as by recent numerical models that suggest "the distance 
upstream over which the effects of variations in sea level can be felt is proportional to the 
square root of the period of the variation" (Paola et al., 1991). Therefore, the longer the 
duration of sea level fall the farther upstream the effects will be transmitted. One of the 
consequences of incision proceeding from the river mouth upvalley, is that changes in 
regional sea level may not have an impact on the ultimate sediment source. That is, a 
regional sea level fall may not change the characteristics of the sediment type (mineralogy, 
grain size) transported by the streams, rather the streams will be eroding and re­
transporting their own alluvial deposits. Sediments within the Gallup Sandstone show 
precisely this relationship. There is essentially no change in the sediment characteristics 
throughout the Gallup sequence, except for a slight increase in the grain size within some 
channel fills as compared to underlying shorefaces (Jones et al., 1991). The Gallup 
shorefaces within the early highstand deposits are virtually identical with respect to both 
grain size and mineralogy as compared to those in the lowstand deposits.
Although no quantitative point counts have been conducted, visual (hand lens) 
observations and preliminary petrographic examinations clearly indicate that this is not the 
case for sediments above the tectonic unconformity. The Torrivio Member contains 
numerous large potassium feldspars, easily observed with the naked eye. This is in fact 
one of the distinguishing characteristics used by Molenaar (1983a) to identify the Torrivio 
Member. Petrographic examination of the Tocito Sandstone also reveals the presence of 
numerous, large potassium feldspars. Furthermore, both the Tonivio Member and the 
Tocito Sandstone are coarser than the underlying Gallup Sandstone. These relationships 
might be expected as a result of regional uplift. Uplift of the source would result in 
increased erosion within the source area, and liberate a less-weathered detrital component 
for transport through the fluvial system (Krynine, 1935). As a result the sediments may be 
expected to contain a higher percentage of less stable components, such as feldspars 
(Krynine, 1935; Pettijohn et al., 1973). The coarser grain size of the Torrivio Member and 
Tocito Sandstone may also reflect tectonic activity. These coarser sediments most likely 
reflect an increased regional gradient because of uplift, with the corresponding increased 
fluvial gradient allowing for the transport of a coarser-grained sediment population.
Another difference between the sedimentation patterns associated with these two 
types of unconformities relates to changes in the position of the subaerial shoreline. A
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regional fall in sea level must result in the seaward displacement of the shoreline. The 
amount of displacement is a function of both the magnitude of the sea level fall and the 
sediment supply. The Gallup Sandstone illustrates this relationship, with falling relative 
sea level resulting in the rapid northeastward progradation of the shoreline (D through B 
tongues). Regional uplift on the other hand may increase sediment supply and result in the 
seaward displacement of the shoreline, however as observed in the Tocito Sandstone, this 
need not be the case. The lower sandstone member of the Tocito Sandstone does show 
evidence for progradation but there is no evidence that the subaerial shoreline ever 
migrated farther seaward than the previous Gallup shoreline. The lack of seaward 
shoreline migration is primarily a consequence of the development of an efficient 
mechanism for submarine sediment dispersal (i.e. strong tidal currents rather than purely 
wave action) operating in conjunction with rising regional sea level. The only locations 
where relative sea level was actually falling were tectonically uplifted submarine highs.
The direct effects of tectonism were, therefore, an increase in the supply of coarse-grained 
sediments to the marine system and erosion on structural highs. The position of the 
subaerial shoreline was apparently unaffected, and it may have even migrated landward.
The third and possibly most critical distinction between the two types of 
unconformities is their regional extent. As discussed previously, the Gallup sequence 
boundary corresponds to the widespread Carlile-Niobrara unconformity found throughout 
much of the Western Interior. The pre-Tocito and basal Torrivio unconformity, however, 
are only present within the San Juan Basin and immediately adjacent regions (Black Mesa 
Basin).
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CHAPTER 5: CONCLUSIONS
TOCITO SANDSTONE
The Tocito Sandstone represents a response to tectonic activity in both the source 
area and in the marine basin. Uplift of the source area supplied coarse-grained sediments 
through Torrivio fluvial systems to the marine environment Uplifts in the marine basin 
created near shore bathymetric variations resulting in enhanced tidal currents. Sea floor 
uplift focused submarine erosion and resulted in formation of the pre-Tocito unconformity 
on offshore structural highs. Strong tidal currents allowed for progradation of high-energy 
Tocito sandbodies within a tide-dominated delta. Subsequently, transgressive Tocito shelf 
sandbodies formed by reworking previously deposited regressive shelf sediments. The 
following specific conclusions are reached.
1) The youngest Gallup Sandstone is earliest Coniacian (assemblage zone COl) in 
age and the oldest Tocito Sandstone is early Coniacian (C02). Deposition of the 
Tocito Sandstone continued through at least the middle Coniacian. Subsurface data 
indicate that the Gallup deposition was little affected by structural movement, 
whereas the Tocito interval was highly influenced by uplift. Formation of the pre- 
Tocito unconformity and deposition of the Tocito Sandstone therefore entirely 
postdates deposition of the Gallup Sandstone.
2) The presence of a numerous marine megafossils, marine trace fossils and marine 
authigenic minerals, and a lack of any evidence of subaerial processes or fluvial 
deposits indicates that the Tocito Sandstone was deposited in a fully marine 
environment.
3) Numerous sedimentary structures indicate tidal currents. These include double 
mud drapes, tidal bundles, reactivation surfaces and heterolithic stratification.
4) The Tocito interval is divided into a lower progradational interval (lower 
sandstone member) and an upper transgressive interval (upper sandstone member), 
separated by a tectonically-enhanced transgressive erosion surface. Overall, the 
Tocito interval is most accurately described as regressive-transgressive shelf 
sequence related to the growth and decay of a tide-dominated delta system formed 
in a tectonically active environment.
A) The lower sandstone member represents the distal portion of a tide dominated 
delta. In structurally elevated regions a major unconformity is present beneath 
the lower sandstone member. In non-elevated areas (tectonic embayment) a 
relatively conformable sequence is present. The progradational sequence
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contains subtidal dunes and tidal channels at the top and is capped by a 
transgressive phosphatic mudstone.
B) The upper sandstone member represents transgressive reworking of the lower 
sandstone member into transgressive shelf sandbodies (shelf sand ridges and 
sand dune fields). Transgressive shelf sand ridges have an internal architecture 
consistent with progradation of high energy shelf subfacies over low energy 
shelf subfacies. Tectonic uplift enhanced transgressive erosion.
5) The sediment source for the Tocito interval was the Torrivio Member, and the 
submarine pre-Tocito unconformity is correlative with the basal Torrivio 
unconformity. This unconformity may be referred to as a sequence boundary, 
since this surface does reflect a fall in relative sea level. However, as described in 
Chapter 4, this surface differs from those formed in a "passive tectonic setting" in 
response to a regional sea level fall.
6) A lack of fluvial facies, abundance of marine indicators, distribution of 
sandbodies on a regional structural high and paleocurrent patterns demonstrate that 
the Tocito Sandstone does not represent a series of incised valley fill deposits.
7) A lack of shoreface facies, distributary channels and subaerial indicators strongly 
suggest that the Tocito interval does not represent a series of incised lowstand 
shorefaces.
This interpretation provides a mechanism for the formation of coarse-grained, tidal, 
shallow marine sandbodies. This model relies on increasing the efficiency of the marine 
dispersal system for progradation of shallow marine shelf sandbodies. The model allows 
for progradation of marine sandbodies without a corresponding seaward migration of the 
subaerial shoreline. Similar, isolated sandbodies throughout the Western Interior, although 
differing in detail, possibly reflect a similar mechanism. These sandbodies are often 
associated with basal erosion surfaces (Walker, 1984; Walker and Eyles, 1991), display an 
overall coarsening-upward textural profile (Walker, 1984) and many show evidence for 
syndepositional uplift (Swift and Rice, 1984; Tillman and Martinsen, 1984; Walker and 
Eyles, 1991). In the case of the Tocito Sandstone, the enhanced marine dispersal system 
was linked to strong tidal currents, however, in other instances it may be a result of 
enhanced storm currents (Swift and Rice, 1984).
The general pattern of sedimentation in the Western Interior Seaway is one of 
alternating wave-dominated, regressive shoreface sequences and transgressive intervals 
(Kauffman, 1977). However, during certain times this cycle was upset by tectonism,
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including intrabasinal tectonic uplifts, and progradational, high-energy marine sandbodies 
such as the Tocito Sandstone are the result.
GALLUP SANDSTONE DEPOSITIONAL SEQUENCE
The partial Gallup Sandstone depositional sequence (highstand-lowstand) described 
in Chapter 4 illustrates the expected geometry of a depositional sequence driven by regional 
sea level fluctuations in a foreland basin subsidence regime. The following conclusions are 
based on this data.
1) The Carlile-Niobrara unconformity at Pueblo, CO does not correlate to the pre- 
Tocito unconformity. Rather the Carlile-Niobrara unconformity at Pueblo corresponds to a 
regional sea level fall that resulted in incision of the Gallup strandplain and rapid 
progradation of Gallup shorefaces.
2) The geometry of the Gallup depositional sequence is highly controlled by the 
spatial distribution of tectonic subsidence.
A) High rates of tectonic subsidence to the west (western part of San Juan Basin) 
greatly enhanced sea level rise and dampened the effects of sea level fall. Therefore 
most highstand clastic deposits were trapped along the basin margin (highstand 
Gallup Sandstone). Valley incision and lowstand progradation were greatly 
subdued as a consequence of high rates of tectonic subsidence. Extensive basinal 
lowstand facies did not form, but rather most lowstand elastics remained close to 
the basin margin (western side of San Juan Basin).
B) As a consequence of low rates of tectonic subsidence in the interior of the 
Western Interior Basin, sea level fall was not diminished. During sea level fall an 
extensive submarine unconformity was created (Carlile-Niobrara unconformity).
GALLUP SANDSTONE VERSUS TOCITO SANDSTONE 
PROGRADATION
A comparison of the progradational deposits of the Tocito Sandstone and the Gallup 
Sandstone permits insight into differences between progradations primarily driven by a 
regional sea level fall and those driven and modified by tectonic uplift. In the case of the 
Gallup Sandstone, progradation was driven by a regional sea level fall and resulted in 
extensive progradation of the strandplain, including the subaerial shoreline. In the case of 
the Tocito Sandstone, however, tectonic uplift resulted in a spatially uneven distribution of 
relative sea level falls, and there is no evidence for a basinward shift in the location of the 
subaerial shoreline. Instead there is evidence for uplift of submarine blocks and for 
regional uplift in proximal locations (beneath the Torrivio Member). This resulted in
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extensive progradation of shallow marine sandbodies and separation of these sandbodies 
from the subaerial shoreline.
There is also a difference in the nature and distribution of the sequence bounding 
unconformities associated with these two separate progradations. The sequence boundary 
located within the Gallup Sandstone shows incision in updip locations truncating 
previously deposited shoreface facies. In the seaward direction this sequence bounding 
unconformity becomes conformable within the Lower Mancos Shale. In the central parts 
of the basin, the sequence boundary is once again an unconformity as a consequence of 
little or no tectonic subsidence in these distal positions. The unconformity beneath the 
Tocito Sandstone, however, displays a pattern entirely related to movement along uplifted 
blocks. The unconformity is most dramatic on uplifted blocks, where it is entirely 
contained within marine strata. Away from tectonically uplifted areas the base of the Tocito 
Sandstone appears conformable with the underlying Gallup Sandstone or Lower Mancos 
Shale (tectonic embayment).
A third difference is in the sediment contained within the two progradational 
packages. The Gallup Sandstone above the sequence boundary is lithologically similar to 
the Gallup Sandstone below the sequence boundary, whereas one of the key characteristics 
of the Tocito Sandstone is its anomolously coarse-grained nature. This suggests that 
whereas formation of the Gallup sequence boundary does not result in the introduction of a 
different sediment population; progradation of the Tocito Sandstone is accompanied by the 
introduction of a new (coarser and more feldspathic) sediment population. This sediment 
population is interpreted to result from rejuvenation of the source area.
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APPENDIX A: MEASURED SECTIONS
The following section graphically illustrates sections through the Tocito interval 
measured by the author and used in this study. Relatively closely spaced sections were 
measured at the San Juan River location and the Hogback Oil Field (refer to figure 3.6), 
and the precise locations of these sections are shown in figures 3.24 and 3.43 respectively. 
Otherwise the location is listed on each section.
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(Jnit 10: Ripplebedded sandstone. Grain size: 175-250 pm. Trace glauconite, rare 
pebbles. Combined flow and wave-rippled sandstones in 5-10 cm beds interbedded with 
thinner wavy and lenticular bedded heterolithic beds. Layer of Pseudoperna oysters at 14.5 
meters.
Unit 9: Interbedded crossbedded sandstone and heterolithic mudstone- sandstone. Grain 
size: 250- 350 pm. 2% glauconite 4% phosphate pebbles. Tabular tangential crossbeds, in 
sets 5 - 20 cm thick, averages 10 cm thick.
Unit 8: Crossbedded sandstone. Grain size: 350 - 500 pm. Trace 2% glauconite, 2% 
inoceramid shell fragments and 5% phosphate pebbles . 50-80 cm thick tabular tangential 
crossbed sets. Sets separated by thin heterolithic interbeds. Trace of burrows.
Unit 7: Interbedded crossbedded sandstone and heterolithic mudstone- sandstone. Grain 
size: 250- 350 pm. 2% glauconite 4% phosphate pebbles. Tabular tangential crossbeds, in 
sets 5 - 20 cm thick, averages 10 cm thick. Similar to unit 5 except for addition of 5% 
pebbles concentrated on tops of sandstone beds.
Unit 6: Crossbedded sandstone. Grain size: 250 - 350 pm. 2% glauconite. Tabular 
tangential crossbeds, in sets 30-50 cm to thick. Crossbeds interbedded with 2 - 5 cm thick 
wavy and lenticluar ripplebedded sandstones and laminated mudstones. Burrows more 
abundant in interbeds.
Unit 5: Interbedded crossbedded sandstone and heterolithic mudstone- sandstone. Grain 
size: 250- 350 pm. 2% glauconite 4% phosphate pebbles. Tabular tangential crossbeds, in 
sets 5 - 20 cm thick, averages 10 cm thick. Heterolithic interbeds 2 - 5 cm thick, containing 
wavy and lenticluar ripplebedded sandstones and laminated mudstones. Burrows more 
abundant in interbeds. Ophiomorpha in sandstones, Planolites in interbeds.
Unit 4: Burrowed sandstone. Grain size: 200 -300 pm. 2 - 5% glauconite, intraclast lag at 
base. Intraclasts primarily phosphate clasts. Unit heavily burrowed to bioturbated. Burrows 
includeTricfuc/mus, Chondrites, Ophiomorpha, Thallasinoides, and Skolithos. When visible 
sedimentary structures consist of tabular tangential crossbeds in sets 5 - 20 cm thick. Single 
crossbed set at4A.
Unit 3: Bioturbated, phospharic, muddy sandstone. Grain size: 150 - 200 p. 5% glauconite, 
contains dispersed phosphatic nodules, some shale at base. Unit heavily burrowed. No 
visible sedimentary structures.
Unit 2 : Crossbedded glauconitic sandstone. Grain size: 350 - 500 pm. 10-20% 
glauconite, rare chert and phosphate pebbles, and inoceramid fragments. Sharp, erosional 
base. Burrow types include Thalassinoides and Ophiomorpha.
Unit 1: Bioturbated muddy sandstone. Grain size: 100 - 500 pp, averages 175 pm.
Abundant carbonaceous fragments, 2% glauconite, rare pebbles and inoceramid fragments.
G . R i l e y , D .N u m m e d a l 
M . E d w a rd s ,  B . K o fro n  
4-1-88
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Unit 9: Ripplebedded sandstone. Grain size: 175 > 250 pm. Trace glauconite, rare 
pebbles. Combined flow and wave-rippled sandstones, in 5-10 cm beds, 
interbedded with thinner wavy and lenticular bedded heterolithic beds. Layer of 
Pseudoperna oysters a t 14.5 meters.
Unit 8 : Interbedded crossbedded sandstone and heterolithic mudstone- sandstone. 
Grain size: 2 5 0 - 350 pm. 2% glauconite 4% phosphate pebbles. Tabular 
tangential crossbeds, in sets 5 - 20  cm thick, averages 10 cm thick. Foresets dtp at 
low angles (<10 -15°). Heterolithic interbeds 2 - 5 cm thick, containing wavy and 
lenticluar ripplebedded sandstones and laminated mudstones. Burrows more 
abundant in interbeds.
Unit 7: Crossbedded sandstone. Gram size: 3 5 0 -5 0 0  pm. Trace to 2% 
glauconite, 2% inoceramid shell fragments and 5% phosphate pebbles. Single set 
o f trough crossbedded sandstone. Rare burrows.
Unit 6: Crossbedded sandstone. Grain size: 250- 350 pm. 2% glauconite.
Tabular tangential crossbeds, in sets 20 - 75 cm to thick. Crossbeds interbedded 
with heterolithic interbeds 2  - 5 cm thick, containing wavy and lenticluar 
ripplebedded sandstones and laminated mudstones. B u it o w s  more abundant in 
interbeds.
Unit 5: Interbedded crossbedded sandstone and heterolithic mudstone- sandstone. 
Grain size: 2 5 0 - 350 pm. 2 %  glauconite. Tabular tangential crossbeds, in sets 5 - 
20 cm thick. Foresets dip a t low angles (<10 -15°). Heterolithic interbeds 2 - 5 cm 
thick, containing wavy and lenticluar ripplebedded sandstones and laminated 
mudstones. Burrows more abundant in interbeds.
Unit 4: Burrowed sandstone. Grain size: 200 -300 pm. 2 - 5% glauconite, 
intraclast lag at base. Intraclasts primarily phosphate clasts. Unit heavily burrowed 
to bioturbated. When visible sedimentary structures consist of tabular tangential 
crossbeds in sets 5 - 20 cm thick.
Unit 3: Bioturbated, phosphatic, muddy sandstone. Grain size: 150 - 200 pm. 5% 
glauconite, contains dispersed phosphatic nodules. Some shale a t base. Unit heavily 
burrowed. No visible sedimentary structures.
Unit 2: Crossbedded glauconitic sandstone. Grain size: 350 - 500 pm. 10-20%  
glauconite, rare chert and phosphate pebbles, and inoceramid fragments. Pebbles 
concentrated on foresets. Crossbeds in cosets from .25 to .75 m thick composed o f 5 
•2 0  cm thick planar crossbed sets. Sharp, erosional base. Burrow types include 
Thalassinoides and Ophiomorpha.
-  Unit 1: Bioturbated muddy sandstone. Grain size: 100 - 500 p ,p  averages 175 pm. 
Abundant carbonaceous fragments, 2% glauconite, rare pebbles and inoceramid 
fragments. Visible sedimentary structures are primarily ripple cross lamination. 
Identified burrows are Asterosoma, Terrebellina, and possible Teichichn us.
Measured: G.Riley, M. Pasley; 10-88
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Unit 11: Ripplebedded sandstone. Section mostly covered. Grain size: 175- 
250 Jim. Layer of Pseudoperna oysters a t 17.0 meters.
Unit 10: Interbedded crossbedded sandstone and heterolithic mudstone- 
sandstone. Grain size: 250- 350 pm. Trace glauconite, 2% phosphate pebbles. 
Tabular tangential crossbeds, in sets 5 - 20 cm thick. Foresets dip at low angles 
(<10 -15°). Heterolithic interbeds 2  - 5 cm thick, containing wavy and lenticluar 
ripplebedded sandstones and laminated mudstones. Burrows more abundant in 
interbeds and include Planolites in interbeds and Skolithos in crossbedded 
sandstones.
Unit 9: Crossbedded sandstone. Grain size: 350-500  pm. Trace to 2% 
glauconite, trace inoceramid shell fragments and 4% pebbles. Single set of 
trough crossbedded sandstone. Rare burrows.
Unit 8 : Interbedded crossbedded sandstone and heterolithic mudstone- 
sandstone. Grain size: 250 - 350 pm. Trace glauconite, 1% phosphate pebbles. 
Tabular tangential crossbeds, in sets 5 - 20 cm thick. Foresets dip at low angles 
(<10 -15°). Heterolithic interbeds 2 - 5 cm thick, containing wavy and lenticluar 
ripplebedded sandstones and laminated mudstones. Burrows more abundant in 
interbeds.
Unit 7: Crossbedded sandstone. Grain size: 350 - 500 pm. Trace to 2% 
glauconite, 2% inoceramid shell fragments and 5% phosphate pebbles. Single, 
thin set o f trough crossbedded sandstone. Rare burrows.
Unit 6: Interbedded crossbedded sandstone and heterolithic mudstone- sandstone 
interbeds. Grain size: 200 - 300 pm. Trace glauconite. Tabular tangential 
crossbeds, in sets 5 - 20 cm thick, average 10 cm thick. Foresets dip at low 
angles (<10 -15°). Heterolithic interbeds 2 - 5 cm thick, containing wavy and 
lenticluar ripplebedded sandstones and laminated mudstones. Burrows more 
abundant in interbeds.
Unit 5: Crossbedded sandstone. Grain size: 250 - 350 pm. 2% glauconite. 
Tabular tangential crossbeds, in sets 2 0 -7 5  cm to thick. Crossbeds interbedded 
with 2 - 5 cm thick wavy and lenticluar ripplebedded sandstoues and laminated 
mudstones. Burrows more abundant in interbeds.
Unit 4: Burrowed sandstone. Grain size: 200 - 300 pm. Trace to 2% 
glauconite. Prominent intraclast lag at base. Unit heavily burrowed to 
bioturbated. Afew, lesser burrowed, 1 0 -2 0  cm thick tabular tangential 
crossbeds in unit. Burrows include Ophiomorpha, Skolithos, and Planolites. 
-U n it 3: Bioturbated, phosphatic, muddy sandstone. Grain size: 150 -200  pm. 
5% glauconite, contains dispersed phosphatic nodules. Unit heavily burrowed. 
No visible sedimentary structures.
Unit 2: Crossbedded glauconitic sandstone. Grain size: 350 - 500 pm. 20% 
glauconite, 5 -10% chert and phosphate pebbles and rare inoceramid fragments.
• Pebbles increase upward. Sharp erosional base. Unit coarsens upward rapidly to 
conglomeratic sandstone at top. Crossbed sets 5 - 20 cm thick. Planar set 
"boundaries.
Unit 1: Bioturbated muddy sandstone. Grain size: 100 - 500 pp, averages 175 pm. 
1 Abundant carbonaceous fragments, 2% glauconite, rare pebbles and inoceramid 
fragments. Visible sedimentary structures are primarily ripple cross lamination.
Measured: G.RiIey, M. Pasley; 10-88
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Unit 4: Covered interval. Oyster layer a t 10 meters.
Unit 3: Crossbedded sandstone. 200 - 300 pm. Trace glauconite. Tabular 
tangential crossbed sets separated by heterolithic intervals. Crossbed sets from 
30 to 50 cm thick. Heterolithic interbeds between crossbed sets contain 2 - 5  
cm thick, wavy and lenticluar ripplebedded sandstones and laminated 
mudstones.
Unit 2: Interbedded crossbedded sandstone and heterolithic mudstone* 
sandstone. Grain size: 200 - 400 pm. Trace glauconite. Low-angle foresets 
separated by wavy bedding planes. Sets 5 - 20 cm thick, average 10 cm thick. 
Heterolithic interbeds between crossbed sets contain 2 -  5 cm thick, wavy and 
lenticluar ripplebedded sandstones and laminated mudstones. Tops of sandstone 
beds more heavily burrowed.
U n itl:  Crossbedded sandstone. Grain size: 350 - 500 pm. Trace glauconite, 
trace pebbles. Tabular tangential crossbeds. One set is 1.0 m thick. Also 
compound, wedge planar coset along strike is greater than 1.0 m thick. Burrows 
rare.
Measured: G.RiIey, M. Pasley; 10-88
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Unit 6: Ripplebedded sandstone. Section mostly covered. Grain size: 175 - 
250 pm. Layer of Pseudoperna oysters at 16.5 meters.
Unit 5: Crossbedded sandstone. Grain size: 250 - 350 pm, Trace 
glauconite, scattered pebbles and inoceramid debris. Tabular tangential 
crossbeds, in sets 25 - 75 cm to thick. Crossbeds interbedded with 
heterolithic 2  - 5  cm thick wavy and lenticluar ripplebedded sandstones and 
laminated mudstones. Burrows more abundant in interbeds.
Unit 4: Interbedded crossbedded sandstone and heterolithic mudstone- 
sandstone. Grain size: 200 - 300 pm. Trace glauconite. Tabular tangential 
crossbeds, in sets 5 - 20 cm thick, average 10 cm thick. Unit heavily 
burrowed at base with burrowing decreasing upward. Heterolithic interbeds 
2 - 5  cm thick, most interbeds completely bioturbated. Prominent intraclast 
lag at base.
Unit 3: Bioturbated, phosphatic, muddy sandstone. Grain size: 150-200 
pm. 5% glauconite, contains dispersed phosphatic nodules. Unit heavily 
burrowed. No visible sedimentary structures.
Unit 2: Crossbedded glauconitic sandstone. Grain size: 350 - 500 pm. 20 
- 40% glauconite, trace chert and phosphate pebbles, and rare inoceramid 
fragments. Sharp erosional base. Unit slightly coarsens upward from 350 
pm at the base to 450 pm a t the top. Basal interval consists o f 1 meter thick 
crossbed s e t . Upper set boundary burrowed and contains abundant organic 
detritus. Above basal crossbed set, sets decrease in thickness and consist 
primarily o f 20 cm thick tabular sets at the top. Set boundaries also are 
burrowed with large Ophiomorpha extending down from set boundaries.
Unit 1: Bioturbated muddy sandstone. Grain size: 100 - 500 pp, dominant 
size 200pm. Abundant carbonaceous fragments, 2% glauconite, rare pebbles 
and inoceramid fragments. Visible sedimentary structures are primarily 
ripple cross lamination.
Measured: G.RiIey, M. Pasley; 10-88
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258
oo
CO
=Loo
10 Hogback Oil Field -13
20m-
VI
\ i
Unit 9: Ripplebedded sandstone. Grain size: 175 - 250 (tm. Section mostly 
covered Layer of Pseudoperna oysters at 22.5 meters.
Unit 8 : Interbedded crossbedded sandstone and heterolithic mudstone* 
-sandstone. Grain size: 3 5 0 -5 0 0  fun. Trace phosphate pebbles and 
inoceramid shells. Tabular tangential crossbeds, in sets 5 - 20 cm thick, 
g  averages 10 cm thick. Foresets dip a t low angles (< 10-15°). Heterolithic
I - -  —. ... .......................■ interbeds 2 - 5 cm thick, containing wavy and lenticluar ripplebedded
•/.T1’. -I— sandstones and laminated mudstones. Some pebbles in interbeds.
si-v-V*
A.
i^X333*53a©0B
7  Unit 7: Crossbedded sandstone. Grain size: 500 pm. Tabular tangential 
in sets 50 cm thick. Crossbed sets interbedded with heterolithic 
wavy and lenticluar ripplebedded sandstones and laminated mudstones, 
g  Burrows slightly more abundant in interbeds.
Unit 6: Crossbedded sandstone. Grain size: 350- 750 pm; averages 500 
pm. Trace glauconite, trace inoceramid shell fragments and phosphate 
pebbles. Tabular tangential crossbeds. One set 1.5 meters thick. Rare 
burrows.
UnitS: Crossbedded sandstone. Grain size: 350 |im. 2% glauconite. 
Tabular tangential crossbeds, in sets approximately 50 cm thick. Crossbeds 
interbedded with heterolithic 2 - 5cm  wavy and lenticluar ripplebedded 
sandstones and laminated mudstones.
Unit 4: Burrowed sandstone. Grain size: 200 -300 pm. 2 - 5% glauconite, 
intraclast lag a t base. Intraclasts primarily phosphate clasts. Unit 
bioturbated at base with burrowing decreasing upward. Visible sedimentary 
structures consist o f tabular tangential crossbeds in sets 5 - 20 cm thick. 
Muddy sandstone interbeds between crossbeds are completely bioturbated.
Unit 3: Biotuibated, phosphatic, muddy sandstone. Grain size: 150-200 
pm . 5% glauconite, contains dispersed phosphatic nodules. Unit heavily 
^  burrowed. Base of unit highly bioturbated and admixed into underlying 
sandstone. No visible sedimentary structures.
2  Unit 2: Crossbedded glauconitic sandstone. Grain size: 250 - 350 p.m.
 10% glauconite, rare chert and phosphate pebbles, and inoceramid fragments.
Abundant terrestrial organic matter. Crossbed sets 5 - 20 cm thick with 
planar set boundaries. Sharp, erosional base. Upper surface heavily 
burrowed.
Unit 1: Bioturbated muddy sandstone. Grain size: 100 - 500 pm. Dominant 
1 grain size is 175 pm. Abundant carbonaceous material. Trace to a few 
percent glauconite. Unit slightly coarsens upward from sandy mudstone at 
base to muddy sandstone. Visible sedimentary structures are primarily ripple 
cross lamination. Concretion bed at 4.5 m. Above concretion bed burrowing 
decreases slightly, grain size increases and amount o f carbonaceous material 
increases. Identified burrows are Asterosoma and Terrebellina.
Measured: G.RiIey, M. Pasley; 10-88
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Unit 7: Section mostly covered. Scattered outcrops of trough cross-stratified 
sandstones and ripplebedded sandstones. Layer of Pseudoperna at top.
Unit 6: Interbedded crossbedded sandstone and heterolithic mudstone/sandstone. 
Grain size: Average 3S0 pm, but contains lenses with up to 1 mm quartz grains. 
Wedge to lenticular sets of trough cross stratified sandstone. Sets 15 to 25 cm 
thick, seperated by thin laminated mudstone/sandstone interbeds. Pebbles 
concentrated on tops of crossbed sets, up to 5%. Burrows concentrated in muddy 
interbeds. Some large Ophiomorpha burrows in sandstones.
Unit 5: Crossbedded sandstone: Grain size: 350 - 500 J im .  Trace glauconite, 2-5% 
phosphate pebbles. One individual tabular tangential set is one meter thick, and 
thickens to 2 meters to south. Tabular sets. Burrows are primarily Ophiomorpha 
and Skolithos.
Unit 4: Burrowed sandstone. Grain size: 250 pm. 1-2% glauconite. Lag of 
intraclasts (phosphate pebbles, burrow clasts) at base. Base of unit bioturbated, 
burrowing decreases upward. Carbonate lens near base. Tabular tangential 
crossbedded sandstones (5-15 cm thick) alternate with thinner (5 cm) muddy 
sandstones. Muddy interbeds bioturbated. Burrows: Ophiomorpha, Trichichnus, 
Planolites, Skolithos, Rosselia, and Thallasinoides.
Unit 3: Bioturbated, phosphatic, muddy sandstone. Grain size: 150 - 200 pm.
5% glauconite, contains dispersed phosphatic nodules. Unit heavily burrowed.
Base of unit highly bioturbated and admixed into underlying sandstone. No visible 
sedimentary structures.
Unit 2: Grain size: 500 J im ,  2% scattered pebbles, mostly at base. 30 -40%  
glauconite. Crossbedded sets average 20-50 cm thick. Small horizontal burrows in 
muddy interbeds. Abundant mudstone clasts at base. Unit is distinctly erosional to 
the south.
Unit 1:B - Grain size: 90 to 1000 pm, Coarsens upward. This unit differs from 1A 
in that it contains scattered 350- 1000 Jim quartz grains and glauconite (5%). Also, 
organic fragments are very common. Sand/shale ratio increases to 50/50. Thin cm 
thick glauconitic coarse sandstone beds.
Unit 1: A- Grain size: 75 to 125 pm, coarsening upward. Bioturbated at base of 
1 A  exposure. Mostly small horizontal silt filled burrows. Bedding becomes more
visible upward. Interbedded rippled sandstone beds and mudstones. Sandstone beds 
from 2 to 5 cm thick. Sand/shale from 30/70 to 40/60. Concretion bed present at 
approximately 2 m above the base to the north of this section. Identified burrows 
include Asterosoma, Tcrrebellina, and Chondrites.
Measured: G. Riley ,M. Pasley 10-1
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6  Unit 6: Covered section. G rab  size: 175- 250 pm. Some thin crossbedded 
sandstones at base and ripplebedded sandstones a t top. Layer of Pseudoperna 
oysters at 17.5 meters.
Unit 5: Crossbedded sandstone. G rab  size: 500 pm. Tabular tangential 
crossbeds, in sets 50 cm thick. Crossbed sets bterbedded with heterolithic wavy 
and lenticluar ripplebedded sandstones and laminated mudstones. Set thickness 
appears to gradually decrease upward, but unit is mostly covered near top.
4  Unit 4: Crossbedded sandstone. G rab  size: 350 pm. Broad trough cross beds b  
sets approximately 50 cm thick. Pebbles on foresets. Rare burrows.
Unit 3: Burrowed sandstone. G rab  size: 200 *350 pm. 2 - 5% glauconite, 2% 
inoceramid fragments Intraclast lag at base. Intraclasts primarily phosphate 
clasts. Unit bioturbated a t base with burrowbg decreasing upward. Burrowed 
micritic concretionary layer a t 6.6 meters. Visible sedimentary structures consist 
of tabular tangential crossbeds b  sets 5 - 20 cm thick, separated by muddy 
sandstone bterbeds. Crossbed set length typically less than 10 meters. Muddy 
sandstone bterbeds between crossbeds are completely bioturbated. Sharp 
erosional base.
Unit 2: Crossbedded glauconitic sandstone. G rab  size: 350 • 500 pm. 40% 
glauconite, trace pebbles and inoceramid fragments. Sharp, erosional base and top.
Unit IB: Bioturbated muddy sandstone.Grab size: 90 to 350 pm. Coarsens 
upward. This unit differs from 1A b  that it contains scattered 350 - 1000 pm 
quartz grains and glauconite (5%). Also, organic fragments are very common. 
Concretion bed a t 4.5 m. Above concretion bed burrowing decreases slightly, 
beddbg becomes more distinct, and carbonaceous material increases. Identified 
burrows are Asterosoma and Terrebellina.
Unit 1A: Bioturbated muddy sandstone.Gnun size: 75 to 125 pm. Unit coarsens 
upward slightly, bterbedded rippled sandstone beds and mudstones. Sandstone 
beds from 2 to 5 cm thick. Identified burrows include Asterosoma, Terrebellina, 
and Chondrites.
M easured: G. R iley, M . Pasley; 10-88
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thin crossbedded sandstones. Layer of Pseudoperna oysters a t 17. meters.
6  Unit 6: Crossbedded sandstone. Grain size: 300 pm. Tabular tangential 
crossbeds, in sets 25 - 50 cm thick. Crossbed sets interbedded with 
heterolithic wavy and lenticluar ripplebedded sandstones and laminated 
mudstones. Rare burrows.
Unit 5: Crossbedded sandstone. Grain size: 500 pm. Broad trough cross 
^  beds in sets approximately 50 cm thick. Pebbles on foresets. Rare burrows; 
Skolithos and Ophiomorpha.
Unit 4: Crossbedded sandstone. Grain size: 350 - 400 pm. Tabular 
tangential crossbeds, in sets 25 - 50 cm thick. Crossbed sets interbedded with 
heterolithic wavy and lenticluar ripplebedded sandstones and laminated 
mudstones. Rip-up clasts a t base o f crossbed sets. Some contorted 
stratification. Prominent sbaly interval at 10 meters. Vertical Ophiomorpha 
and Skolithos in sandstone beds, and a  few Planolites in interbeds.
Unit 3: Burrowed sandstone. Grain size: 300 -350 pm . 2 - 5% glauconite, 
2% inoceramid fragments Intraclast lag at base. Intraclasts primarily 
phosphate clasts. Unit bioturbated at base with burrowing decreasing 
upward. Burrowed micritic concretionary layer a t 7.1 meters. Visible 
sedimentary structures consist o f tabular tangential crossbeds in sets 5 - 2 0  
cm thick, separated by muddy sandstone interbeds. Crossbedding most 
prominent near top of unit Muddy sandstone interbeds between crossbeds 
are completely bioturbated. Burrows primarily Skolithos and Ophiomorpha. 
Crossbed set length typically less than 5 meters.
Unit 2: Glauconitic sandstone. Grain size: 300 - 400 pm. 10 - 20% 
glauconite, 2% pebbles and inoceramid fragments. Large carbonaceous 
fragments. Thin, 10 cm thick sandstone beds interbedded with laminated 
shales. 5 cm thick laminated shale at base.
Unit IB: Bioturbated muddy sandstone.Grainsize: 90 to 350 pm. Dominant 
grain size:is 150 pm. Coarsens upward. This unit differs from 1A in that it 
contains scattered 350 -1000 pm quartz grains and glauconite (5%). Also, 
organic fragments are very common. Concretion bed at 1.25 m. Above 
concretion bed burrowing decreases slightly, bedding becomes more distinct, 
and carbonaceous material increases. Identified burrows are Asterosoma, 
Teichichntts, and Terrebellina.
Unit 1A: Bioturbated muddy sandstone.Grain size: 75 to 125 pm, averages 90 
pm. Unit coarsens upward slightly. Sandstone beds from 2  to 5 cm  thick. 
Identified burrows include Asterosoma, Teichichnus, and Terrebellina.
Measured: G.RiIey, M. Pasley; 10-88
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
262
5fO
«SSou-aa,
60c
§s
JO ~o
13
o'O
-° O  r -O E
=LOO
=LO
O
CO
10m-
\ J 3 0 °
I  §B «  u*2 *3 & 
1 8 1  
3
v j  U
I 3 -
5m -
§ s 1 §
■IS1 1 1
V i3 b
I -
a-
Om ■
4
S S f i S l
\£ 3
: ^ - 5 v
■W & £]• . -d -  .*•
=1ooLO
Hogback Oil Field -17
I I I I I I
g  Unit 8 : Rippled sandstone. Grain size: 175 pm. Combined-flow and 
wave-rippled sandstones. Patchy burrowing. Calcareous cem ent Abundant 
inoceramid fragments a t top.
Unit 7 : Crossbedded sandstone. Grain size: 500 pm. Broad trough cross beds in 
sets approximately 50 cm  thick. Pebbles on foresets. Rare burrows.
Unit 6 : Crossbedded sandstone. Grain size: 350 pm. Tabular tangential 
crossbeds, in sets 30 - 75  cm thick. Crossbed sets interbedded with heterolithic 
wavy and lenticluar ripplebedded sandstones and laminated mudstones. Set 
thickness increases upward. Patchy burrowing, up to 20% locally. Burrowing also 
decreases upward.
Unit 5: Interbedded sandstone and shale. Grain size: 250pm.Thin 
horizontally-bedded and ripplebedded sandstones (2-5 cm) interbedded with thinner 
shale drapes. Rare burrows.
Unit 4: Crossbedded sandstone. Grain size: 350 pm. Tabular tangential 
crossbeds, insets 50 cm thick. Amalgamated crossbed sets. Rare burrows.
Unit 3: Bun-owed sandstone. Grain size: 200 - 300 pm. 2% glauconite. Intraclast 
lag a t base. Intraclasts primarily phosphate clasts. Bureowed micritic 
concretionary layer at 3.9 meters. Few visible sedimentary structures
Unit 2: Glauconitic, bioturbated sandstone. Grain size: 175 - 250 pm. 5 -1 0 %  
glauconite. A  few phosphate pebbles. Large carbonaceous fragments. 5 cm  thick 
laminated shale a t base.
Unit 1: Bioturbated muddy sandstone.Grain size: 90 to 350 pm. Dominant grain 
size:is 125 pm. Coarsens upward. Contains scattered 350 -1000 pm quartz grains 
and glauconite (5%). Also, organic fragments are common. Concretion bed at 
base.
Measured: G.Riley, M. Pasley; 10-88
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Unit 5: Covered section. Tbin pebbly crossbeds observed on some slopes. 
Patchy buiTowing.
Unit 4: Crossbedded sandstone. Grain size: 350 pm. Tabular tangential 
crossbeds, in sets 1 meter thick. Amalgamated crossbed sets. Rare burrows. 
Upper part of unit is more heavily burrowed. Sets separated by horizontally 
4  laminated sandstones.
Unit 3: Burrowed sandstone. Grain size: 200 • 300 pm. Trace glauconite. 
Intraclast lag at base. Intraclasts primarily phosphate clasts. Visible sedimentary 
2  structures are tabular tangential thin crossbeds interbedded with muddy 
sandstones. Burrowing decreases upward. A t top is horizontally laminated 
sandstones and shales.
Unit 2: Muddy sandstone. Grainsize: 175 - 250 pm. 5 -10%  glauconite. A  few 
phosphate pebbles. Thin lenses of coarse, glauconitic sandstone in bioturbated 
muddy sandstone.
Unit 1: Bioturbated muddy sandstone.Grain size: 90 to 350 pm. Dominant grain 
size:is 125 pm. Coarsens upward. Contains scattered 350 -1000 pm quartz 
I  grains and glauconite (5%). Also, organic fragments are common. Concretion 
bed at base and 1.25 meters. Burrows include Asterosoma, Terrebellina, and 
possible Chondrites.
Measured: G.RiIey, M. Pasley; 10-88
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Unit 6: Burrowed sandstone. Grain size: 250 pm. Visible sedimentary structures 
are 2 -1 0  cm thick tabular tangential crossbeds. Crossbeds separated by 
bioturbated muddy sandstones. Limestone layer (micrite) a t 5.5 m.
Unit 5: Crossbedded sandstone. Grain size: 350* 500 pm . 30 -4 0  cm thick 
tabular tangential crossbed sets separated by heterolithic interbeds. Heterolithic 
interbeds display wavy and lenticluar bedding. Ophiomorpha burrows.
Unit 4: Interbedded ripplebedded and horizontally laminated sandstones and 
laminated shales. Grain size: 250 pm. Interval displays wavy and lenticluar 
bedding.
Unit 3: Burrowed sandstone. Grain size: 250 pm, 2% glauconite. Visible 
sedimentary structures are 2 -1 0  cm thick tabular tangential crossbeds. Thick lag 
o f intraclasts at base. Intraclasts include phosphate clasts and sandstone "burTow 
clasts".
Unit 2: Muddy bioturbated sandstone. Grain size: 125 • 350 pm, averages 175 
pm. 2 -5 %  glauconite, dispersed phosphate clasts. Layer o f phosphate nodules at 
base overlain by carbonate concretion layer.
U n itl :  Muddy bioturbated sandstone. Grain size averages 125pm. Abundant 
woody fragments. Burrows include Terrebellina, Teichichnus, and Asterosoma.
Measured: G.RiIey, M. Pasley; 10-88
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Unit 10: Pebbly crossbedded sandstone: Grain size: 500 pm. 10-25%  
pebbles, abundant inoceramid debris. Consists of 10 - 20 cm thick tabular 
tangential crossbeds. Crossbeds separated by wavy-bedded sandstones and 
mudstone interbeds. Interbeds are wave rippled. Pseudoperna layer near top 
of unit at 13.6 meters.
Unit 9: Pebbly crossbedded sandstone: Grain size: 500 pm. 10 - 30% 
pebbles, abundant inoceramid debris. Consists o f a single 50 cm thick 
tabular crossbed s e t
Unit 8: Interbedded horizontally laminated and ripplebedded sandstones 
and laminated shales. Thin (1 - 5 cm thick) sandstone beds separated by 
thinner shale drapes.
Unit 7: Pebbly crossbedded sandstone. Grain size: 350 - 500 pm, 10 - 30 
% pebbles. One meter thick compound crossbed coset containing 5 -1 0  cm 
thick crossbed sets. Set boundaries and foresets dip to southeast 
Unit 6: Crossbedded sandstone. Grain size: 500 pm. 50 - 75 cm thick 
tabular tangential crossbed sets. Rare Ophiomorpha and Skolithos burrows. 
Unit 5: Crossbedded sandstone. Grain size: 350 • 500 pm. Trace pebbles 
and inoceramid debris. One meter thick tabular tangential cross stratified 
se t Southeastward directed paleoflow. A few Skolithos and Ophiomorpha 
burrows.
Unit 4: Crossbedded sandstone. Grain size: 350 - 500 pm. 50 cm thick 
tabular tangential crossbed sets separated by 5 -1 0  cm thick, wavy and 
lenticular bedded sandstones and mudstones. Wave rippled thin sandstones 
in heterolithic interbeds. Shale drapes continue from interbeds to foresets.
Unit 3: Crossbedded sandstone. Grain size: 350 pm. 3 0 -5 0  cm thick 
tabular tangential crossbed sets separated by 5 -1 0  cm thick, bioturbated 
muddy sandstones. Abundant rip-up shale clasts in sandstones. Crossbed 
sets moderately burrowed. Burrows include Skolithos, Planolitess, and 
Thallctssinoides.
Unit 2: Burrowed sandstone. Grain size: 250 pm. Thick lag o f intraclasts 
at base.
Unit 1: Muddy bioturbated pebbly sandstone. Grain size: 175-350 pm, 
averages 175pm. 5 -10%  glauconite. Phosphate pebble layer at base.
Measured: G.RiIey, M. Pasley; 10-88
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Unit 10: Pebbly crossbedded sandstone: Grain size: 500 pm. 10-15%  pebbles, 
abundant inoceramid debris. Consists of 10 • 30 cm thick tabular and trough 
crossbeds. Pseudoperna oyster layer on top of unit a t 13.5 meters.
Unit 9: Interbedded horizontally laminated and ripplebedded sandstones and 
laminated shales. Grain size: 250 pm. Thin (1 - 5 cm thick) sandstone beds 
^  separated by thinner shale drapes. Some small tabular crossbeds.
f-—• Unit 8: Crossbedded sandstone. Grain size: 35 0 -5 0 0  pm. 50 cm thick tabular 
& tangential crossbed se t
Unit 7: Interbedded horizontally laminated and ripplebedded sandstones and 
laminated shales. Grain size: 250 pm. Thin (1 - 5 cm thick) sandstone beds 
separated by thinner shale drapes. Some small tabular crossbeds.
Unit 6: Crossbedded sandstone. Grain size: 3 5 0 -5 0 0  pm. 50 cm thick tabular 
5  tangential crossbed sets separated by 5 -1 0  cm thick, wavy and lenticular bedded 
sandstones and mudstones. A few compound cross stratified cosets. Rare 
Ophiomorpha and Skolithos burrows.
Unit 5: Crossbedded sandstone. Grain size: 350 - 500 pm. Trace pebbles and 
inoceramid debris. One meter thick cross stratified set displaying contorted 
5  stratification.
Unit 4: Burrowed sandstone. Grain size: 250 - 350 pm. Thick lag of intraclasts 
at base. Visible sedimentary structures are 10 - 30cm  thick tabular tangential 
4  crossbeds interbedded with thinner (2 cm thick) muddy sandstones. Muddy 
sandstones and top o f sandstone beds are heavily burrowed. Lesser-burrowed 
crossbeds at 3.7 meters. Burrowing decreases upward. Burrows include Rossellia, 
Ophiomorpha, and Planolites.
Unit 3: Muddy bioturbated sandstone. Grain size: 175 • 350 pm. averages 250 
^  pm. 10% glauconite. Rare pebbles. Coarsens upward.
~  Unit 2: Muddy bioturbated pebbly sandstone. Grain size: 1 75 -350  pm, averages 
175 pm. 5 - 10% glauconite. 5 -1 0 %  phosphate pebbles. Pebbles overlain by 
j  carbonate concretion layer.
Unit 1: Bioturbated muddy sandstone. Grain size: 90 to 125 pm, averages 150 
pm.
Measured: G.Riley, M. Pasley; 10-88
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8  Unit 8 : Ripplebedded sandstone. Grain size: 175 to 250 pm. 2 - 5% 
pebbles. Thin beds of wave and combined flow ripples interbedded with 
muddy sandstones. A  few thin trough crossbedded intervals. Patchy 
burrowing.
Unit 7: Pebbly crossbedded sandstone: Grain size: 500 pm. 10-15%  
ebbles, abundant inoceramid debris. Consists of 20 - 40 cm thick tabular 
and trough crossbeds. Pseudoperna oyster layer on top of unit at 15 meters. 
Moderate burrowing, concentrated on tops of sets.
Unit 6: Crossbedded sandstone. Grain size: 350-500 pm. 50 cm thick 
tabular tangential crossbed sets separated by 5 cm thick, wavy and lenticular 
bedded sandstones and mudstones. Rare Ophiomorpha and Skolithos 
burrows.
Unit 5: Crossbedded sandstone. Grain size: 350 • 500 pm. Trace pebbles 
and inoceramid debris. Tabular tangential crossbed sets. Basal set 1.2 meters 
_ thick. Overlying sets from 50 to 75 cm thick. Upper unit boundary 
^  bioturbated.
Unit 4: Burrowed sandstone. Grain size: 250 - 350 pm. Thick lag of 
intraclasts a t base. Visisble sedimentary structures are 10 - 20 cm thick 
tabular tangential crossbeds interbedded with thinner (2 cm thick) muddy 
sandstones. Muddy sandstones and top of sandstone beds are heavily 
4  burrowed. Tightly cemented Iesser-buirowed, solitary crossbed set at 3.5 
meters. Burrowing decreases upward. Burrows include Skolithos, 
Ophiomorpha, and Planolites.
Unit 3: Muddy bioturbated sandstone. Grain size: 175-350 pm, averages 
250pm. 10% glauconite. Rare pebbles. Coarsens upward. Terrebellina 
burrows.
Unit 2: Muddy bioturbated pebbly sandstone. Grain size: 175 * 350 pm. 
averages 175 pm. 5 -10%  glauconite, 5%  phosphate pebbles. Pebbles 
j  overlain by carbonate concretion layer.
Unit 1: Bioturbated muddy sandstone. Grain size: averages 125pm.
Measured: G.RiIey, M. Pasley; 10-88
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5  Unit 6 : Pebbly crossbedded sandstone: Grain size: 500 pm. 10-15%  
pebbles, abundant inoceramid debris. Consists of 30 - 40 cm thick trough 
crossbeds. Pseudoperna oyster layer on top of unit a t 10.5 meters. Moderate 
burrowing, concentrated on tops of sets.
5  Unit 5: Crossbedded sandstone. Grain size: 350 - 500 pm. Trace 
glauconite and pebbles. 50 cm thick tabular tangential crossbed sets 
separated by 5 cm thick, wavy and lenticular bedded sandstones and 
mudstones. Upper set boundaries and interbeds more extensively burrowed.
Unit 4: Burrowed sandstone. Grain size: 250 - 350 pm. A few scattered 
intraclasts a t base. Visisble sedimentary structures are 10 cm thick tabular 
tangential crossbeds interbedded with thinner (2 cm thick) muddy 
sandstones. Muddy sandstones arc completely bioturbated. Tightly 
cemented lesser-burrowed, solitary crossbed set at 4  meters. Burrowing 
decreases upward.
2  Unit 3: Muddy bioturbated sandstone. Grain size: 175 - 350 pm, averages 
250 pm. 10% glauconite. Rare phosphate pebbles. Coarsens upward, 
o
—  Unit 2: Muddy bioturbated pebbly sandstone. Grain size: 175 • 350 pm,
averages 175 pm. 5 -10%  glauconite, 5 %  phosphate pebbles.
Unit 1: Bioturbated muddy sandstone. Grain size: averages 100 pm.
Measured: G.RiIey, M. Pasley; 10-88
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Unit 6 : Pebbly crossbedded sandstone: Grain size: 500pra. 10-15%  
pebbles. Consistsoftabularplanarand tabular tangential crossbed sets. Set 
thickness ranges from 10 to 30 cm thick. Pseudoperna oyster layer on top of 
unit a t 11.5 meters. Moderate burrowing, concentrated on tops of sets and in 
interbeds between crossbed sets.
Unit 5: Crossbedded sandstone. G rab size: 350 - 500 p.m Trace 
glauconite and pebbles. 50 cm thick tabular tangential crossbed sets 
separated by 5 cm thick, wavy and lenticular bedded sandstones and 
mudstones. Upper set boundaries and bterbeds more extensively burrowed. 
Burrows bclude Thalassininoides, Ophiomorpha, and Skolithos.
Unit 4: Burrowed sandstone. G rab  size: 250 - 350 pm. A  few scattered 
intraclasts at base. Visisble sedimentary structures are 10 cm thick tabular 
tangential crossbeds bterbedded with thinner (2 cm thick) muddy 
sandstones. Muddy sandstones are completely bioturbated. Tightly 
cemented lesser-burrowed, solitary crossbed set near base. Crossbed sets 
most btenseiy burrowed at top of se t Burrowbg decreases upward.
Unit 3: Muddy bioturbated sandstone. G rab  size: 175 - 350 pm, averages 
250 pm. 10% glauconite. Rare phosphate pebbles. Coarsens upward.
Unit 2: Muddy bioturbated pebbly sandstone. G rab  size: 175-350 pm, 
averages 175 pm. 5 • 10% glauconite. 2 -5 %  phosphate pebbles. Burrows 
bclude Terrebellina, Teichichnus, Asterosoma, and Chondrites.
Unit 1: Bioturbated muddy sandstone. G rab  size: averages 100 pm.
Measured: G.RiIey, M. Pasley; 10-8
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Hogback Oil Field - 27
Unit 11: Ripplebedded sandstone. Grain size: 175 to 250 Jim. Thin beds of 
11 wave and combined flow ripples interbedded with muddy sandstones. A few 
thin trough crossbedded intervals. Patchy burrowing.
Unit 10 Pebbly crossbedded sandstone: Grain size: 500 pm. 5 -1 0 %
1 0  pebbles. Consists o f tabular planar crossbed sets. Set thickness ranges 
from 20 to 30 cm thick. Pseudoperna oyster layer on top of unit at 14 
meters. Patchy burrowing.
Unit 9: Interbedded horizontally laminated and ripplebedded sandstones 
and laminated shales. Pebbles concentrated on tops o f beds. Grain size: 350 
pm. Thin (2 - 5 cm thick) sandstone beds separated by thinner shale drapes. 
Some small tabular crossbeds.
Unit 8 : Crossbedded sandstone. Grain size: 400 - 500 pm. Tabular 
tangential crossbeds. Basal set 1 meter thick, overlain by 50 to 75 cm thick 
sets. Crossbed sets separated by 5 cm thick, wavy and lenticular bedded 
sandstones and mudstones.
Unit 7: Interbedded horizontally laminated and ripplebedded sandstones 
'and laminated shales. Grain size: 350 pm. Thin (2 - 5 cm thick) sandstone 
beds separated by thinner shale drapes. Some small tabular crossbeds.
Unit 6: Crossbedded sandstone. Grain size: 350 pm. Single tabular 
tangential crossbed s e t  Set is up to 50% burrowed. Ophiomorpha, 
Skolithos, and Thalassinoides burrows.
Unit 5: Interbedded crossbedded sandstone and heterolithic
 mudstone/sandstone. Grain size: 300 pm. Tabular tangential crossbeds,
in sets 5 -1 5  cm thick separated by 2- 5 cm lenticular and wavy bedded 
sandstone/mudstone beds. Interbeds more intensely burrowed than 
crossbeds.
4  Unit 4: Burrowed sandstone. Grain size: 200 - 300 pm. A few scattered
intraclasts at base. Sedimentary structures are 5 -1 5  cm thick tabular 
tangential crossbeds interbedded with thinner muddy sandstones. Muddy 
sandstones are completely bioturbated. Burrowing decreases upward.
Unit 3: Muddy bioturbated sandstone. Grain size: 175 - 350 pm, averages 
 ^ 250 pm. 10% glauconite. Coarsens upward.
~2 — Unit 2: Muddy bioturbated pebbly sandstone. Grain size: 175-350 pm. 5 
— 10% glauconite. Coarsens upward. 2 -5 %  phosphate pebbles.
Unit 1: Bioturbated muddy sandstone. Grain size: 350 pm. 5% glauconite.
I Abundant organic fragments.
Measured: G.RiIey, M. Pasley; 10-88
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U n it 11: R ip p le b e d d e d  san d sto n e . G ra in  size : 175  to  25 0  p m . T ra c e  
g lau co n ite . T h in  b e d s  o f  w av e  a n d  co m b in ed  f lo w  rip p le s  in te rb ed d ed  w ith  
m u d d y  san d sto n es . A  few  th in  tro u g h  c ro ssb e d d e d  in te rv als . P a tch y  
b urrow ing .
U n it 10: C ro ssb ed d e d  san d sto n e . G ra in  size : 5 0 0  p m . T ra ce  g lau c o n ite . 2  
• 5% p e b b le s . A m a lg a m a te d  ta b u la r  c ro ssb e d s  a p p ro x im a te ly  3 0  c m s  th ick . 
P a tch y  b u rro w in g . L a y e r  o f  Pseudoperna o y s te rs  a t  to p  o f  unit.
U n it 9 : P e b b ly  c ro s sb e d d e d  san d sto n e . G ra in  s iz e : 5 0 0  p m . T ra ce  
g lau co n ite , 2  - 5%  p e b b le s . S in g le  s e t  o f  tab u la r- tan g e n tia l c ro ssb e d d e d  
san d sto n e .
U n it  8: In te rb ed d ed  c ro s sb e d d e d  sa n d sto n e  an d  h e te ro lith ic  m u d sto n e - 
s an d sto n e . G ra in  s iz e : 5 0 0  p m . T ra ce  p h o sp h a te  p e b b le s  and  in o ce ra m id  
sh e lls . T a b u la r  tan g e n tia l c ro ssb e d s , in  s e ts  5  -  2 0  c m  th ick , a v e ra g e s  10 
c m  th ick . H e te ro lith ic  in te rb ed s  2  - 5  c m  th ick , c o n ta in in g  w av y  a n d  
len tic lu a r r ip p le b ed d e d  s a n d sto n e s  an d  lam in a ted  m u d sto n es .
U n it  7 : P eb b ly  c ro s sb e d d e d  san d sto n e . G ra in  s iz e : 5 0 0  p .m  T ra ce  
g lau co n ite . 2  -  5 % p e b b le s . S in g le  s e t  o f  tab u la r- tan g e n tia l c ro ssb e d d e d  
san d sto n e .
U n it 6: C ro ssb ed d e d  san d sto n e : G ra in  s iz e : 3 5 0  • 5 0 0 p m . T race  g lau co n ite ,
2 -5 %  p h o sp h a te  p e b b le s . U n it  c o n s is ts  o f  a  s in g le  d e fo rm ed  c ro s s b e d  s e t.
S e t is g rea te r  th an  o n e  m e te r  th ic k  an d  c o n ta in s  h ig h ly  co n to rted  
s tra tif ica tio n .
U n it  5 : C ro ssb ed d e d  san d sto n e . G ra in  s iz e : 3 5 0  p m . T a b u la r  tan g e n tia l 
c ro ssb e d s , in  s e ts  u p  to  5 0  c m  th ick . C ro ssb ed  s e ts  in te rb ed d ed  w ith  
h e te ro lith ic  m u d sto n e -  s a n d sto n e  in te rb ed s  c o n ta in in g  w a v y  an d  len tic lu a r  
r ip p leb ed d ed  s a n d s to n e s  a n d  lam in a ted  m u d sto n es . T h ic k  s e c tio n  o f  
r ip p leb ed d ed  s a n d s to n e  and  lam in a ted  sh a le s  a t  6 .5  m eters .
U n it  4 : In te rb ed d e d  c ro s sb e d d e d  san d sto n e  a n d  h e te ro lith ic  
m u d sto n e /san d s to n e . G ra in  size : 3 5 0  p m . T a b u la r  tan g e n tia l c ro ssb e d s , in  
s e ts  5  - 1 5  c m  th ick  se p a ra te d  b y  2 -  5  cm  len ticu la r  a n d  w av y  b e d d e d  
sa n d sto n e /m u d s to n e  b e d s . R a re  b u rro w s.
U n it  3 : B u rro w ed  san d sto n e . G ra in  s ize : 2 0 0  • 3 0 0  p m . T ra ce  g lau co n ite . 
In trac la s t lag  a t  b ase . In tra c la s ts  p rim arily  p h o sp h a te  c la s ts . V is ib le  
s e d im e n ta ry  s tru c tu re s  a re  ta b u la r  tan g en tia l c ro s s b e d s  in te rb ed d ed  w ith  
m u d d y  san d sto n e . M u d d y  s a n d sto n e s  c o m p le te ly  b io tu rb a te d . S e t 
th ic k n e sse s  ran g e  fro m  2  to  10  c m  th ick . B u rro w in g  d e c re a se s  u p w a rd  and  
s e t  th ick n ess  in c re a se s  u pw ard .
U n it  2 : M u d d y  s a n d sto n e . G ra in  size: 175  - 2 5 0  p m . 5 - 1 0 %  g lau co n ite .
A  few  p h o sp h a te  p eb b les . T h in  lenses  o f  c o a rse , g lau co n itic  s a n d s to n e  
in te rb ed d ed  w ith  lam in a te d  sha les.
U n it  1: B io tu rb a ted  m u d d y  sa o d sto n e .G ra in  s iz e : 9 0  to  3 5 0  p m . D o m in a n t 
g ra in  s iz e  is  125 p m . C o a rsen s  u p w ard . 5 %  g lau co n ite . A b u n d a n t o rg an ic  
frag m en ts . B u rro w s  in c lu d e  Asierosoma, Terrebellina, an d  p o ssib le  
Chondrites.
M easu red : G .R iley , M . P asley ; 10-*
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Hogback Oil Field-29
U o it 10: R ip p leb ed d ed  s an d sto n e . G ra in  size: 175  to  25 0  pm . T h in  b e d s  o f  
w a v e  a n d  co m b in ed  flo w  r ip p le s  in te rb ed d e d  w ith  m u d d y  sandstones. A  few  
th in  tro u g h  c ro ssb ed d ed  in te rv als . P a tch y  b urrow ing .
U n it  9: In te rbedded  c ro ssb e d d e d  s a n d sto n e  and  h e te ro lith ic  
m ud sto n e /san d sto n e . G ra in  s iz e : 4 0 0  p m , 2% p eb b le s . T ab u lar tan g en tia l 
c ro ssb ed s, in  se ts  5  - 1 5  cm  th ic k  s e p a ra te d  by 2 - 5  c m  len ticu lar a n d  w avy  
b e d d e d  sa n d sto n e /m u d sto n e  b ed s . Pseudoperna o y s te r  layer a t  10 m eters . 
P a tch y  burrow iog .
U n it 8: C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 5 0 0  p m , 2 - 5 %  pebbles. 
S in g le  tab u lar tan g en tia l c ro s sb e d  s e t
U n it  7 : In te rbedded  h o rizo n ta lly  lam in a te d  and rip p leb ed d ed  s a n d sto n es  a n d  
lam in a ted  sh a le s . G ra in  s iz e : 2 5 0  p m . T h in  (2  -  5  c m  th ick ) san d sto n e  b e d s  
sep ara ted  b y  th in n e r  sh a le  d rap e s . S o m e  sm a ll tab u la r  crossbeds.
U n it  6: C rossb ed d ed  san d sto n e : G ra in  s ize : 35 0  - 5 0 0  pm . T race g lau co n ite , 
2*5%  ph o sp h a te  peb b les . P e b b les  c o n c en tra te d  o n  foresets . C onsists  o f  la rg e  
tab u la r  tan g en tia l c ro ssb ed  s e ts . L o w e r  s e t  is  g rea te r  th an  1 m eter th ick , an d  
o v e rla in  b y  5 0  c m  th ic k  se ts . P a tch y  b u rro w in g . U p p er s e t  boundaries 
heav ily  burrow ed . P e b b le  lag  a t  to p  o f  u p p e r  m o s t s e t  
U n it  5: C ro ssb ed d ed  sa n d sto n e . G ra in  s ize : 3 5 0  p m . S ing le  tab u la r  
tan g en tia l c ro ssb ed  s e t  S e t i s  u p  to  5 0 %  burrow ed ; Ophiomorpha,
Skolithos, and  Thalassinoides b u rro w s.
U n i t  4 : In te rbedded  c ro ssb e d d e d  sa n d s to n e  and  he te ro lith ic  
m ud sto n e /san d sto n e . G ra in  s iz e : 3 5 0  p m . T ab u lar  tangen tia l c ro ssb ed s , in 
s e ts  5  - 1 5  cm  th ick  s e p a ra te d  b y  2* 5  cm  len ticu la r  an d  w avy bedded  
b ed s . R a re  b urrow s.
U n it  3: B urrow ed  san d sto n e . G ra in  s iz e : 2 0 0  - 3 0 0  p m . Trace g lau co n ite . 
In tra c la s t lag  a t  base . In trac la s ts  p r im a rily  p h o sp h a te  c lasts. V isib le  
sed im en tary  s tru c tu re s  a re  t a b u la r  tan g e n tia l c ro ssb e d s  in terbedded  w ith  
m u d d y  san d sto n e . M u d d y  san d sto n es  c o m p le te ly  b io tu rbated . S e t 
th ick n esses  from  1 0 - 2 5  cm . M u d  c h ip s  co m m o n  a t  base  o f  c rossbeds. 
B urrow ing  decreases  u pw ard .
U n i t  2: M uddy b io tu rb a ted  san d sto n e . G ra in  s iz e : 175 - 25 0  p ro . 5 - 1 0 %  
g laucon ite . 2  -5  %  p h o sp h a te  p eb b les .
U n it 1: B io tu rba ted  m u d d y  san d sto n e . G ra in  s ize : 9 0  to  35 0  pm . D o m in an t 
g ra in  s ize: is  125 p m . C o arsen s  u p w a rd . 5%  g lau co n ite . A b undan t o rg an ic  
fragm ents.
M easured : G .R iley , M . Pasley ; 10-88
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U n it  8:
Hogback Oil Field - 30
T h in  c ro ssb e d d e d  san d sto n e s  a n d  b e te ro lith ic  in te rbeds. G ra in  s ize:
1275 p m . 5 - 1 5  cm  th ick  c ro ssb e d d e d  san d sto n e  b e d s  s e p ara te d  by  w avy an d  
len ticu lar b e d d e d  in terbeds.
U n it  7 : In te rb ed d ed  r ip p le b ed d e d  a n d  h o riz o n ta lly  lam in a ted  san d sto n es  and  
lam inated  sh a le s .  G ra m  s iz e : 2 5 0  p m . U n it d isp lay s  w avy  a n d  len ticu lar 
8 bedd ing .
U n it  6: C ro ssb ed d ed  san d sto n e . G ra in  size : 4 5 0  p m . T ra ce  p eb b les . 1.5 
m e te r  th ick  tab u la r  tan g e n tia l c ro ssb e d  s e t  C o m p o u n d  cro ssb ed d in g  n e a r  to p  o f  
u n i t  C ro ssb ed s  se p a ra te d  b y  d is tin c t reac tiv a tio n  su rfaces.
U n it 5 : B u rro w ed  s a n d sto n e . G ra in  s ize : 2 5 0  p m . V isib le  sed im en ta ry  
stru c tu res  a re  1 0  c m  th ic k  tab u la r  tan g en tia l c ro ssb ed s . A  few  th ick er, 
lesser-b u rro w ed  c ro ss  b ed  s e ts  w ith  b io tu rba ted  u p p e r  su rfaces. T o p s o f  c ro ssb ed  
se ts  m o re  h eav ily  b u rro w ed . C ro ssb ed s sep ara ted  b y  b io tu rb a ted  m u d d y  
sandstones. L im es to n e  b e d  a t  5  m . Ophiamorpha a n d  Rosselia b u rro w s 
ex ten d  fro m  m u d d y  san d sto n e s  in to  c ro ssb ed d ed  s an d sto n es .
U n it 4 : C ro ssb ed d ed  s an d sto n e . G ra in  s iz e : 3 5 0 - 5 0 0  p m . 3 0  - 4 0  cm  th ick  
tab u la r  tan g e n tia l c ro s sb e d  s e ts  s e p a ra te d  by  heav ily  bu rro w ed  m u d d y  
sandstones. S an d s to n e  b e d s  m o d era te ly  b urrow ed . B u rro w in g  d ec reases  u pw ard . 
U n it 3 : B u rro w ed  san d sto n e . G ra in  s iz e : 2 5 0  p m . 2  -  5%  g lau co n ite . H eav ily  
b u rro w ed , 1 0 - 1 5  c m  th ic k  c ro ssb e d d e d  sa n d sto n e s  se p a ra te d  b y  b io tu rba ted  
m uddy  sa n d sto n e s . L a g  o f  in tra c la s ts  a t  base . In tia c la s ts  in clu d e  p h o sp h a te  
c la s ts  a n d  sa n d sto n e  "b u rro w  c las ts" . U p p er p a rt  o f  u n it  c o m p le te ly  b io tu rb a ted  
and  c o n ta in s  ca rb o n a te  lay er. Triduchrus  bu rrow s.
U n it 2 : M u d d y  b io tu rb a te d  sa n d sto n e . G ra m  s iz e :  125 - 35 0  p m , av e rag es  2 00  
p m . 5 %  g lau co n ite , d isp e rsed  ph o sp h a te  c la s ts . P h o sp h a te  c la s ts  c o n c en tra te d  a t  
top o f  u n i t  T h in  (2  c m  th ic k )  len ses  o f  co a rse  s a n d sto n e  a t  base  o f  u n i t  
U n it  I :  M uddy  b io tu rb a te d  s a n d sto n e . G ra in  s iz e :  9 0  - 1 5 0  p m , av e rag es  125 
p m . C arb o n a te  c o n c re tio n  la y e r  a t  b ase  o f  sectio n .
M easured : G .R iley , M . P asley ; 10-f
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g  U n it 8: R ip p leb ed d ed  san d sto n e . G ra in  s iz e : 3 5 0  p m . T ra c e  o f  peb b les . 
T h in  r ip p le  c ro s s  s tra tif ie d  san d sto n e s  in te rb ed d e d  w ith  lam in a ted  
m u d sto n es . A  few  tro u g h  c ro s s  s tra tif ie d  se ts .
U n it 7 : P eb b ly  c ro ssb e d d e d  san d sto n e . G ra in  s iz e : 5 0 0  p m . 10  - 20%  
peb b les , 5% in o ce ra m id  d eb ris . 1 .2  m e te r  th ic k  ta b u la r  p la n a r  c ro ssb e d  
se t. Pseudoperna o y s te r  layer, a b u n d a n t in o ce ram id  sh e lls ,  a n d  a  few  
sh ark  te e th  a t  to p  o f  set.
U n it 6: C ro ssb ed d ed  s an d sto n e : G ra in  s iz e : 4 5 0  p m . 2 - 5 %  pebb les. 
T ab u lar  tan g en tia l c ro s sb e d s  in  s e ts  3 0  c m  th ick . S e ts  s e p a ra te d  by 
r ip p leb ed d ed  s a n d sto n e s  a n d  th in  lam in a te d  s h a le  d rap e s .
U n it 5 :  C ro ssb ed d ed  s a n d s to n e  G ra in  s iz e : 5 0 0  p m .  5 %  p eb b les . 5 0  - 
5 7 5  c m  th ic k  tab u la r  tan g en tia l a n d  le s s e r  tro u g h  c ro s sb e d s . C ro ssb ed  s e ts  
sep ara ted  by  r ip p le b ed d e d  sa n d sto n e s  w ith  th in  la m in a te d  s h a le  d rapes. 
M any s h a le  d ra p e s  a t t e n d  u p  in to  fo re se ts . R a re  Ophiomorpha b u rro w s.
U n it  4 : C ro ssb ed d ed  s an d sto n e . G ra in  s iz e : 4 0 0  p m .  1%  p e b b le s . 3 0 -  
4 0  cm  th ic k  tab u la r  tan g en tia l c ro s sb e d  s e ts  s e p a ra te d  b y  h e te ro lith ic  
in te rbeds. F o re se t lam in ae  s h o w  d is t in c t  a lte rn a tin g  c o a rs e  a n d  f in e  layers. 
4  H e te ro lith ic  in te rb ed s  c o m p o se d  o f  w a v y  an d  le n tic lu a r  b e d d e d  
sa n d sto n e -sh a le  s e q u en c e s . R are  Planolites b u rro w s in  in te rb ed s . 
Ophiomorpha in  c ro ssb ed s .
U n it 3 : In te rb ed d ed  s a n d sto n e  a n d  m u d d y  s an d sto n e . G ra in  s iz e : 2 5 0  p m . 
M o d era te ly  b u rro w e d  10  c e n tim e te r  th ic k  tab u la r  ta n g e n tia l  c ro s sb e d s  
s e p ara te d  by  m u d d y , b io tu rb a te d  m u d d y  sa n d sto n e s  o r  h e te ro lith ic  
in te ib ed s . B ase o f  u n it  c o n ta in s  a m a lg a m a ted  c ro ssb e d  se ts .
U n it 2 : C ro ssb ed d ed  s an d sto n e . G ra in  s iz e : 3 0 0  p m . 5 0  c m  th ick  
2 . tab u la r  tan g en tia l c ro s sb e d  s e t  L esser-b u rro w ed  th an  su rro u n d in g  stra ta . 
P a leo cu rren ts  to  s o u th e a s t
U n it 1: B u rro w ed  san d sto n e . G ra in  s iz e : 2 5 0  p m . tra c e  g lau co n ite . 
B u rro w ed , 10  c e n tim e te r  th ic k  ta b u la r  tan g e n tia l c ro s s  b e d s  s e p a ra te d  by  
b io tu rb a ted  s an d sto n es . B u rro w s in c lu d e  Ophiomorpha, Thaliasinoides, 
Stoliihos, an d  Planolius.
M easu red : G .R iley , M . P asley ; 10-88
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Hogback Oil Field - 33
U n it  5 : R ip p leb ed d ed  san d sto n es  a n d  m u d d y  san d sto n es . G ra in  s iz e : 3 0 0  - 
5 0 0  p m . T h in  r ip p le b ed d e d  s a n d sto n e s  in te rb ed d ed  w ith  h e a v ily  bu rro w ed  
m u d d y  san d sto n es . H o rizo n ta l b u rro w s  in  m u d d y  sa n d sto n e s .
U n i t  4 :  P eb b ly  c ro s sb e d d e d  san d sto n e . G ra in  s ize: 5 0 0  -7 5 0  p m . 10  - 
*  2 0 %  peb b les . 2 5  - 5 0  c m  th ic k  tab u la r  c ro ssb e d s . R a re  b u rro w s. 
Pseudoperna o y s te r  la y e r  a t  to p  o f  u n i t
2u  U n i t  3 :  R ip p le b e d d e d  a n d  h o r iz o n ta lly  lam in ated  s a n d sto n e . G ra in  s ize: 
2 5 0  -  3 0 0  p m , s o m e  len se s  o f  1000 p m  san d sto n e . S a n d s to n e s  c o n ta in  
th in  s h a le  d rap es . H o rizo n ta l b u rrow s.
U n i t  2 : C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 35 0  p m . T ra c e  o f  p eb b les  
c o n c en tra te d  o n  b e d d in g  p lan es . 5 0  - 1 0 0  c m  th ick  ta b u la r  tan g e n tia l 
c ro s s b e d  s e ts  s e p ara te d  b y  he te ro lith ic  in te rb ed s . H e te ro lith ic  in te rb ed s  
sh o w  w av y  a n d  len ticu la r  bedd ing . S o m e  s h a le  d rap es  e x te n d  u p  in to  
fo rese ts . R a re  v e rtica l bu rrow s.
U n i t l :  C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 3 0 0  p m . 3 0  - 5 0  c m  th ick  
ta b u la r  to  w edge s h a p e d  tan g en tia l c ro s s b e d  s e ts .  S h a rp  e ro s io n a l u p p e r  se t 
1 b o u n d arie s .
M easu red : G .R iley , M . P asley ; 10-88
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U n it  5 : R ip p leb ed d ed  san d sto n e s  a n d  m u d d y  s an d sto n es . G ra in  s ize: 300  - 
5 0 0  p m . T h in  r ip p leb ed d ed  s a n d sto n e s  in te rbedded  w ith  heav ily  buiTOwed 
m u d d y  sa n d sto n es . H o rizo n ta l b u rro w s  in  m uddy  san d sto n es . A  few  iso lated  
tro u g h  c ro ssb e d d e d  san d sto n es .
U n it  4 : P eb b ly  c ro ssb e d d e d  sa n d sto n e . G ra in  s iz e : 5 0 0  -  7 5 0  p m . 5 - 1 0 %  
p eb b les . 5 0  - 1 0 0  c m  th ic k  tab u la r  c ro ssb ed s.
— U n it  3 : C ro ssb ed d e d  san d sto n e . G ra in  s ize: 3 5 0  p m . T race  o f  pebbles.
2 5  -  7 5  c m  th ic k  ta b u la r  tan g en tia l c ro s sb e d  s e ts  se p a ra te d  by  heterolithic 
^  in te rbeds. F o re se ts  o f te n  d e fo rm ed  a n d  d isp lay  r e c u m b e n t c ro s s  bedding. 
H e te ro lith ic  in te rb ed s  sh o w  w av y  a n d  len ticu la r b ed d in g . A b u n d an t o rgan ic  
d e b ris  in  sh a le  lam in ae . S o m e  s h a le  d rap e s  e x ten d  u p  in to  foresets. Rare 
v e rtica l b u rrow s.
U n it  2 : C ro ssb ed d e d  san d sto n e . G ra in  size : 50 0  p m . T ra ce  o f  pebbles.
2  S in g le  tab u la r  tan g e n tia l c ro s sb e d  se t.  C o n v o lu te  lam in a tio n s  a t  base. R a re  
ve rtica l bu rrow s.
U n it 1: R ip p le b e d d e d  a n d  h o riz o n ta lly  lam inated  san d sto n e . G rain  size: 3 5 0  
1 - 5 0 0  p m . 2  - 5  c m  th ic k  sa n d sto n e  b ed s , typ ically  sep ara ted  by m uch  th inner 
sh a le  d rapes. B u rro w s  rare .
M easured : G .R iley . M . P asley ; 10-81
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U n it  6: R ip p leb ed d ed  san d sto n e . G ra in  s iz e : 2 5 0  p m . T h in , r ip p led  sa n d sto n e  
b e d s  an d  lam in ated  m u d sto n es . Patchy  b u rro w in g . S o m e  sm a lt tro u g h  
c rossbeds.
U n it  5 : P eb b ly  c ro s sb e d d e d  san d sto n e . G ra in  size: 5 00  -  7 5 0  p m . 10 - 2 0 %  
pebb les, 2 %  g lau co n ite . 4 0  - 7 5  c m  th ic k  tab u la r  tan g en tia l c ro ssb ed s. 
C ro ssb ed s se p ara te d  b y  rip p leb ed d ed  s a n d sto n e /sh a le  in te rb ed s . Pseudoperna 
o y s te r  la y e r  a t  to p  o f  un it.
U n it  4 : In te rb ed d ed  rip p le b ed d e d  an d  h o riz o n ta lly  lam in a te d  san d sto n es  an d  
lam in ated  sh a le s . G ra in  s ize : 2 5 0  -  3 5 0  p m . T h in  (2  - 5  c m  th ick ) h o rizo n ta l 
san d sto n e  b e d s  w ith  s o m e  w av e-rip p led  b e d d in g  p lan es  se p a ra te d  b y  th in n e r  
—  sh a le  d rapes . S m all sa n d -filled  burrow s.
U n it 3 : C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 3 5 0  -  50 0  p m . P eb b les  
co n cen tra ted  a t  b ase  o f  u n it. 2 5  - 7 5  c m  th ic k  tab u la r  c ro s sb e d  s e ts  R a re  
2  vertica l bu rrow s.
U n it 2 : C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 5 00  pm . T ra c e  o f  pebb les, 
trace o f  g lau co n ite . 7 5  - 1 0 0  cm  tab u la r  tan g e n tia l c ro ssb ed  se ts . S o m e  th in  
r ip p led  s an d sto n es  b e tw e en  c ro ssb e d  se ts . R a re  v e rtica l b u rro w s.
U n i t l :  C ro ssb ed d ed  s a n d sto n e . G ra in  s iz e :  2 5 0  - 35 0  p m . 2 5  - 5 0  c m  th ick  
1 tab u la r  tan g e n tia l c ro s sb e d  se ts . S e ts  se p a ra te d  by  by  w a v e  r ip p le d  an d  
h o rizo n tally  lam in a ted  san d sto n es  and  s h a le  d rap es . S a n d s to n e s  and  
in te rb ed s  m o d era te ly  b urrow ed . 2%  g lau c o n ite  in  in te rbeds. A t to p  o f  u n it  
a re  len ticu la r "pods ' o f  c ro ssb e d d e d  s a n d sto n e .
M easu red : G .R iley , M . P asley ; 10-88
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9 U n i t  9 :  R ip p le b e d d e d  san d sto n e . G ra in  s iz e : 2 5 0  p m . S c a tte re d  pebb les. 
T h in  r ip p le b ed d e d  san d sto n e s  in te rb ed d e d  w ith  lam in a te d  sh a le s . P a tch y  
bu rro w in g . L a y e r  o f  Pseudoperna o y s te r s  a t  15 .65  m ete rs .
U n i t  8: C ro ssb ed d e d  san d sto n e . G ra in  s iz e :  5 0 0  p m . T ra c e  peb b les . 
T a b u la r  ta n g e n tia l c ro ssb e d s , in  s e ts  2 5  - 7 5  c m  t o  th ic k . C ro ssb ed s  
in te tb ed d ed  w ith  h e te ro lith ic , 2 -10 c m  th ic k  w a v y  a n d  len tic lu a r 
8 rip p leb ed d ed  s a n d s to n e s  a n d  lam in a te d  m u d sto n e s . S o m e  iso la te d  sm a ll 
c ro ssb ed s  w ith in  h e te ro lith ic  in te rbeds.
U n i t  7 : C ro ssb e d d e d  s a n d sto n e . G ra in  s iz e :  5 0 0  p m . 10%  p eb b les . O n e  
m e te r  tb c ik  t a b u la r  c ro ssb e d d e d  s a n d s to n e
U n i t  6: C ro ssb e d d e d  san d sto n e . G ra in  s iz e :  3 0 0  p m . 2 %  p e b b le s . T a b u la r  
tan g en tia l c ro s sb e d s , in  s e ts  2 5  - 7 5  c m  to  th ic k . C ro ssb ed s  in te tb ed d e d  w ith  
2  -  5  c m  th ic k  w a v y  a n d  len tic lu a r r ip p le b e d d e d  s a n d sto n e s  a n d  lam in ated  
m ud sto n es . B u r ro w s  m o re  a b u n d a n t in  in te rb ed s .
U n i t  5 : C ro ssb ed d e d  san d sto n e  a n d  h e te ro li th ic  m u d sto n e /sa n d s to n e  
in te rb ed s . G ra in  s iz e :  3 0 0  p m . T ra ce  g la u c o n ite .  T a b u la r  tan g en tia l 
c ro s sb e d s , in  s e ts  5  -  2 0  c m  th ick , a v e ra g e  1 0  c m  th ic k . S o m e  th ic k e r  s e ts  u p  
to  4 0  cm  th ic k  a ro u n d  4  m eters . U n it  m o d e ra te ly  b u rro w ed . H etero lith ic  
in te rb ed s  5  -1 5  c m  th ick , m o s t in te rb ed s  h e a v ily  b u rro w ed .
U n i t  4 :  B u rro w ed  s a n d s to n e  G ra in  s iz e : 2 5 0  p m . 2  %  g lau co n ite .
In tra c la s t lag  a t  b a se . In traclas ts  p h o sp h a te  c la s ts  a n d  sa n d sto n e  "burrow 
c la s ts" . V is ib le  s e d im e n ta ry  s tru c tu re s  c o n s is t  o f  tab u la r  tan g e n tia l c ro ssb e d s  
in  se ts  5  -  2 0  c m  th ic k , se p a ra te d  by  b io tu rb a te d  m u d d y  sa n d s to n e  in te rbeds. 
U n i t  3 : B io tu rb a ted . p h o sp b a tic , m u d d y  s a n d s to n e  G ra in  s iz e : 150  - 2 0 0  
p m . 5%  g lau c o n ite , co n ta in s  d isp e rsed  p h o sp h a tic  n o d u les . U n it h eav ily  
b u rro w e d . N o  v is ib le  s e d im e n ta ry  s tru c tu re s .
U n i t  2 :  C ro ssb ed d e d  g lau co n itic  san d sto n e . G ra in  s iz e : 5 0 0  p m . 2 0  - 4 0 %  
3?- g la u c o n ite  a b u n d a n t  c h e r t  and  p h o sp h a te  p e b b le s , a n d  r a r e  in o ce ram id  
j  frag m en ts . S h a rp  e ro s io n a i base. S in g le  s e t  o f  c ro s sb e d d e d  san d sto n e .
U n i t  1: B io tu rb a ted  m u d d y  s an d sto n e . G ra in  s iz e :  1 7 5 -3 5 0  p m . D o m in an t 
g ra in  s iz e : 175 p m . 5 %  g lau co n ite . V is ib le  s e d im e n ta ry  s tru c tu re s  a re  
p rim arily  r ip p le  c ro s s  lam ination .
M easu red : G .R ile y , M . P asley : 10-88
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U n it  1 0 : R ip p le b e d d e d  sandstone . G ra in  s iz e :  2 5 0  p m . S c a tte re d  p eb b les . 
t U  T h in  r ip p leb ed d ed  s a n d sto n e s  in te rb ed d ed  w i th  lam in a te d  s h a le s .  P a tch y  
—  b u rro w in g . L a y e r  o f Pseudoperna o y s te rs  a t  1 5 .2  m eters .
U n i t  9 : P e b b ly  c ro s sb e d d e d  sa n d sto o e . G ra in  s iz e :  5 0 0  * 7 0 0  f im , 5  -  2 0 %  
p eb b les . G ra v e l lay e r a t  13.5 m eters. 3 0  to  5 0  c m  th ic k  ta b u la r  tan g e n tia l 
c ro s sb e d d e d  s a n d sto n e s  sep ara ted  b y  h e te ro lith ic  in te rb ed s . H e te ro lith ic  
in te rb ed s  d isp lay  w a v y  a n d  len ticu la r b ed d in g .
U n it  8: R ip p le b e d d e d  a n d  h o rizon tally  lam in a te d  s a n d sto n e s  w ith  th in  
s h a le  d rap es . G ra in  s iz e : 3 0 0  p m . Thin , 2  - 5  c m  th ic k  s a n d s to n e  b ed s  
se p a ra te d  by  m u ch  th in n e r  sh a le  drapes.
U n i t  7 : C ro ssb ed d e d  san d sto n e . G ra in  s iz e : 3 5 0  - 7 0 0  p m . 2 %  p eb b les . 
T a b u la r  tan g en tia l c ro s s b e d s  in  s e ts  5 0  -  2 0 0  c m  th ic k . C ro ssb e d s  s e p a ra te d  
b y  h e te ro lith ic  in te rb ed s  2  - 1 5  c m  th ick , c o n ta in in g  w av y  a n d  len tic lu a r  
rip p le b ed d e d  s a n d sto n e s  a n d  lam inated  sh a le s .
’ ■ **.*■.•• .* • .* •.
^ S
U n it  6: C ro ssb ed d e d  san d sto n e . G ra in  size : 3 0 0  Mm. T a b u la r  tan g e n tia l 
c ro s sb e d s , in  s e ts  2 5  - 5 0  c m  to  thick. C ro ssb e d s  in te rb ed d ed  w ith  
h e te ro lith ic  in te rb ed s  2 -10 c m  th ick , c o n ta in in g  w a v y  a n d  le n tic lu a r  
rip p le b ed d e d  s a n d sto n e s  a n d  lam inated  m u d sto n e s .
U n i t  5 : R ip p le b e d d e d  a n d  horizo n tally  lam in a te d  s a n d sto n e s  w i th  th in  
sh a le  d rap e s . G ra in  s iz e : 2 5 0  pm . T h in , 2  -  5  c m  th ic k  s a n d s to n e  b ed s  
se p a ra te d  b y  m u ch  th in n e r  s h a le  d rapes. S o m e  w av e -rip p le d  b e d d in g  
p lan e s . H o rizo n ta l s a n d -f ille d  b u tro w s  in  s h a le  d rap e s .
U n it  4 : B u rro w ed  san d sto n e . G ra in  s ize : 2 5 0  p m . T ra ce  g lau c o n ite . 
In tra c la s t lag  a t  b ase . In trac la s ts  a re  p h o sp h a te  c la s ts  a n d  s a n d s to n e  
"b u rro w  c la s ts" . V is ib le  sed im en tary  s tru c tu re s  c o n s is t  o f  ta b u la r  tan g en tia l 
c ro ssb e d s  in  s e ts  5  -  2 0  cm  th ick , sep ara ted  b y  b io tu rb a te d  m u d d y  
sa n d s to n e  in te rb ed s .
U n it  3 : B io tu rb a ted , p h o sp h a tic , m uddy  sa n d sto n e . G ra in  s iz e :  15 0  -  2 00  
p m . C o n ta in s  d isp e rsed  p h osphatic  n o d u les , a n d  g lau c o n ite . N o  v is ib le  
s e d im e n ta ry  stru c tu res .
U n it  2 : C ro ssb ed d e d  g lau co n itic  sandstone. G ra in  s iz e : 5 0 0  p m .  2 0  - 
4 0 %  g lau c o n ite , a b u n d a n t c h e r t  and  p h o sp h a te  p e b b le s , a n d  ra r e  in o ce ra m id  
frag m en ts . S h a rp  e ro s io n a l base. S in g le  s e t  o f  c ro s sb e d d e d  s a n d sto n e .
U n it  1: B io tu rb a ted  m u d d y  sandstone . G ra in  s iz e : 2 0 0  p m . 5%  g lau co n ite . 
A b u n d a n t w o o d y  frag m en ts .
M easured: G .R ile y , M . F asley ; 1 0 -88
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U n it  6: P eb b ly  c ro ssb e d d e d  san d sto n e . G ra in  s ize : 5 0 0  - 7 0 0  p m , 5  > 2 0 %
5 p eb b les . P e b b le  lag a t  12 .5  m ete rs . 3 0  to  5 0  c m  th ic k  ta b u la r  tan g en tia l
c ro ssb e d d e d  s an d sto n es  s e p ara te d  b y  h e te ro lith ic  in terbeds. H e te ro lith ic  in te rb ed s  
d isp la y  w av y  a n d  len ticu la r  b ed d in g . Pseudoperna o y s te r  lay e r a t  13 .2  m ete rs .
U n i tS :  C ro ssb ed d e d  san d sto n e . G ra in  s iz e : 3 5 0  - 5 0 0  p m . 2%  p eb b les . T ab u lar  
5 tan g en tia l c ro ssb e d s , in  s e ts  1 00  - 2 0 0  c m  to  th ick . R a re  b u n o w s .
a  o  5 1 1
S l - s f  |
U n i t  4 : C ro ssb ed d e d  san d sto n e . G ra in  s iz e : 30 0  p m . T a b u la r  tan g e n tia l 
c ro s sb e d s  in  s e ts  3 0  - 7 0  c m  to  th ick . C ro ssb ed s  in te rb ed d ed  w ith  heav ily  
b u rro w ed  m u d d y  sa n d sto n es . S an d s to n e  b e d s  m o d era te ly  burrow ed .
U n it  3 : B u rro w ed  san d sto n e . G ra in  size : 2S 0  |im . In trac la s t lag  a t  base. 
In trac la s ts  a re  p h o sp h a te  c la s ts  a n d  sa n d sto n e  "burrow  c la s ts" . V isib le  
s e d im e n ta ry  s tru c tu re s  c o n s is t  o f  tab u la r  tan g en tia l c ro ssb e d s  in  se ts  5  - 2 0  c m  
th ic k , s e p a ra te d  b y  b io tu rb a te d  m u d d y  san d sto n e  in terbeds. C a rb o n a te  
c o n c re tio n a ry  lay e r a t  2 m ete rs .
_ U n it  2 : B io tu rb a ted , p h o sp h a tic , m u d d y  san d sto n e . G ra in  s iz e : 150  - 2 0 0  p m . 
- C o n ta in s  d isp e rsed  p h o sp h a tic  n o d u les , a n d  g laucon ite . N o  v isib le  s ed im en ta ry  
stru c tu res .
U n i t  1: B io tu rb a ted  m u d d y  san d sto n e . G ra in  s ize: 2 0 0  p m . 5%  g lau co n ite . 
A b u n d a n t w o o d y  fragm ents.
M easu red : G i t i l e y ,  M . P asley ; 10-88
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Hogback Oil Field - 39
U n it 6: P eb b ly  c ro ssb e d d e d  san d sto n e . G ra in  s iz e : 5 0 0  - 7 0 0  p m , 5 %  
pebbles. 5 0  c m  th ic k  ta b u la r  c ro s sb e d d e d  sa n d sto n e . Pseudpoerrta o y s te r  
lay e r a t  13.0 m ete rs .
U n it 5 : P eb b ly  c ro ssb e d d e d  san d sto n e . G ra in  s iz e : 5 0 0 -  7 0 0  p m , 5%  
pebb les. P e b b le  lag  a t  b a s e  o f  u n i t  o v e rlie s  sh a rp , e ro s io n a l su rface . 10 - 3 0  
cm  th ick  tab u la r  tan g e n tia l c ro s sb e d d e d  s a n d sto n e s  se p ara te d  b y  hetero lith ic  
in terbeds. H e te ro lith ic  in te rb ed s  d isp la y  w av y  a n d  len ticu la r  b edd ing .
U n it 4 : In te rb ed d ed  s a n d sto n e  a n d  h e te ro lith ic  stra ta . G ra in  s iz e : 2 50  pm .
4  T h in , 5  • 2 0  c m  th ic k  c ro s sb e d d e d  sa n d s to n e s  s e p a ra te d  by  th in n e r, bu rrow ed  
m u d d y  sa n d sto n e s  a n d  r ip p le b ed d e d  s a n d sto n e s  a n d  sha les.
U n i t  3 : C ro ssb ed d e d  san d sto n e . G ra in  s iz e : 3 0 0  p m . T a b u la r  tan g en tia l 
c ro ssb ed s, in  s e ts  3 0  -  7 0  c m  th ic k . C ro ssb ed s  se p a ra te d  b y  he te ro lith ic  
in te rbeds. In te rb ed s  h eav ily  b u r ro w e d  a n d  s a n d s to n e  b e d s  m o d era te ly  
burro w ed  in b a sa l p a rt  o f  u n i t  B u rro w in g  d e c re a se s  u p w a rd  an d  in terbeds 
a re  h e te ro lith ic  rip p e b e d d e d  sa n d s to n e s  a n d  sh a le .
U n it  2 : B u rro w ed  san d sto n e . G ra in  s iz e : 2 5 0  p m . In tra c la s t lag  a t  base. 
In traclas ts  a re  p h o sp h a te  c la s ts  a n d  s a n d sto n e  "b u rro w  c la s ts”. V isib le  
s ed im en tary  s tru c tu re s  c o n s is t  o f  ta b u la r  tan g e n tia l c ro s sb e d s  in  se ts  5  * 20  
cm  th ick , sep ara ted  b y  b io tu rb a te d  m u d d y  sa n d sto n e  in te rbeds. C arbonate  
co n cre tio n ary  lay e r a t  1.8 m eters .
U n it  1: B io tu rb a ted  m u d d y  san d sto n e . G ra in  s iz e  ran g e s  fro m  175 - 3 5 0  
p m , av e rag es  2 0 0  p m . 5%  g lau c o n ite . A b u n d a n t w o o d y  fragm ents. 
C o n cre tio n  b ed  a t  .8 m eters.
M easu red : G .R ile y , M . P asley ; 10-88
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San Juan River section 1 
N ESW SW , 22, T30N R18W
U n it 8* S andstone . G rain  s ize: 300-500 p m . 10-25 % g lauconite. O n e  s e t  o f  
cross bedded san d sto n e  2  m eters th ick . L o n g  w ell developed to ese ts. to ese ts  
m uddy an d  burrow ed. L ocally  sm a lle r cross s tratification  p e rp en d icu la r  to 
foresets
U n it  7 ; A ) M uddy  sandstone. 250-350 p m  sand, poorly sorted , 5  % m u d , 5-10  
% carbonaceous m ateria l, trace  g lauconite . B io turbated  w ith no  d is tin c t 
structu res. B ) S im ila r  to  A , but w ith less carbonaceous fragm en ts a n d  m o re  
bedded appearance. C arbonate  concre tion  bed a t base.
U n it 6: S an d sto n e , 125 p m . A lternating  2-5 cm  th ick  h o rizon tally  lam in ated  
san d sto n e  beds a n d  2  cm  th ick  h e te ro lith ic  rippled beds.. R are  h u m m o ck y  c ro ss  
stra tification .
U n it 5 : S an d y  m udstone , 100  p m  san d  grains, bio turbated , w ith  rare  2  cm  th ick  
discon tinuous s a n d  beds.
5 U n it  4 : S an d y  b io tu rba ted  m udstone a t b ase, coarsens u p  to  125 p m  san d sto n e  
m. S andstone  bed s, 2-5 cm  th ick  h o rizon tally  lam inated. B urrow ed  top .
U n it 3 :  Sandstone . G rain s ize :100  p m . 2 0  cm  th ick  w edge-shaped  c o -se ts , 
in ternally  ripple a n d  horizontally  lam inated . T h in n er hetero lith ic  in te rb ed s  w ith  
sm all c lay -lined  burrow s sep ara te  so m e  sets.
U n it  2 :  Sandstone , 90-125 p m . 2  cm  th ick  se ts , r ipp le-bedded , m m  s c a le  sh a le  
drapes. V ertical bu rrow s a t  top  o f  ss . 5  cm  thick san d y  m udstone a t  top .
U n it  1 : S andstone : 100 p m , 2  cm  u n d e  s e ts , in ternally  ho rizon tally  lam in ated  
and  r ip p le  bedded , rare  hum m ocky c ro ss  stra tification . R are  c lay  lin ed  burrow s. 
T op  o f  u n it is  10 cm  th ick  shale  bed.
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San Juan River section 2 
SE.NW, SE, Sec. 21, T30N, R18W
U n it  9 :  T ro u g h  c ro ssb e d d e d  s an d sto n e . G ra in  s iz e : 3 5 0  f tm , trace  g lau c o n ite , 
p h o sp h a te  p e b b le s  a t  b ase . T h in  5  - 1 0  c m  tro u g h  c ro s sb e d d e d  san d sto n e s  
in te rb ed d ed  w ith  lam in a te d  m u d sto n e s . W avy  b e d d in g  p lan es .
U n i t  8: C ro ssb ed d e d  sa n d sto n e . G ra in  s iz e : 4 0 0  fu n , 2 %  g lau co n ite . S in g le  tab u la r  
tan g e n tia l c ro s sb e d  s e t  P a leo c u rre n ts  to  so u th eas t. T ro u g h  c ro ssb e d  e ro d e d  in to  
fo rese ts  a t  to p  o f  u n it, t re n d s  p e rp e n d ic u la r  to  fo re se t  d ip . Ophiomorpha a n d  Rosselia 
b urrow s.
U n it 7 : C ro ssb ed d e d  s a n d sto n e . G ra in  s iz e : 3 5 0  f u n . 2  - 5 %  g lau co n ite  a t  b ase  
d ec reases  u p w a rd , a  few  in tra c la s ts  a t  b ase . C o m p o u n d  c ro s s b e d  c o s e t  a t  b a se  w ilh  
a lte rn a tin g  lo w -an g le  fo rese ts  a n d  m u d d y  b io tu rb a ted  sa n d sto n e s . C ro ssb e d s  o v e rla in  
b y  h o r iz o n ta l b e d d e d  m u d d y  sa n d s to n e s  th a t  o n lap  fo re se ts . Planol'ues in  m u d d y  
sa n d sto n e s . Ophiomorpha in  c ro s sb e d d e d  san d sto n es .
U n it 6: B io tu rb a ted  m u d d y  s a n d s to n e  G ra in  s iz e : 2 5 0  f lm . 5  - 1 0 %  g lau c o n ite , r a re  
p h o sp h a te  p eb b les .
U n it  5 : S a n d s to n e  3 0 0  fu n . 10  • 2 0 %  g la u c o n ite  R e s is ta n t  s a n d sto n e  b e d  w ith  
f a in t c ro ssb ed s .
U n it 4 : B io tu rb a ted  m u d d y  s a n d s to n e  G ra in  s iz e : 2 0 0  fu n . a b u n d a n t c a rb o n a c e o u s  
m a tte r , 5  - 10%  g la u c o n ite
U n it  3 : B io tu rb a ted  m u d d y  sa n d sto n e . G ra in  s iz e : 3 0 0  f tm . L ith o lo g y  id en tica l to  
u n it  2, b u t  u n it  sh o w s  a lte rn a tin g  re s is ta n t b io tu rb a ted  s a n d s to n e s  a n d  le s s - re s is ta n t 
b io tu rb a ted  m u d d y  sa n d sto n e s . S a n d s to n e  b ed s  fro m  5  - 1 0  c m  th ick , a n d  c o n ta in  
so m e  fa in t c ro ssb ed d in g . M u d d y  san d sto n es  10  c m  th ick .
U n it  2 : B io tu rb a ted  m u d d y  sa n d sto n e . G ra in  s iz e : 175  - 3 5 0  fu n , d o m in a n t sa n d  
s iz e  2 5 0  fu n . 3  -  7 % g la u c o n ite . tra c e  o f  p h o sp h a te  p eb b les , e sp ec ia lly  n e a r  b ase , 
a b u n d a n t w o o d y  frag m en ts . N o  v is ib le  sed im en ta ry  s tru c tu re s , e x c ep t f o r  so m e  fa in t 
c ro ssb e d s  a t  to p  o f  u n i t  U n it c o a rse n s  u pw ard . B ase  o f  s e c t io n  sh a rp . C o n c re tio n  
b e d  a t  2 .7 5  m e te rs .
U n it  1: R ip p le b e d d e d  s an d sto n e . G ra in  s iz e : 125  ftm . T h in . 1 -  2  cm  th ic k , rip p le  
1 c ro s s  s tra tif ie d  c le a n  sa n d s to n e s  a lte rn a te  w ith  5  c m  th ic k  b io tu rb a te d  m u d d y  
sa n d sto n e s . R a re  h u m m o c k y  c ro s s  s tra tifica tio n . B u rro w s  in clu d e  Ophiomorpha 
a n d  s m a ll  s ilt- f il le d  b urrow s.
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San Juan River section -4 "Snakeskin Canyon” 
NW SENE, Sec. 28, T30N R18W
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Unit 8 : Pebbly crossbedded sandstone. Grain size ranges from 350 pm 
to 1 mm; averages 200 pm. Trace to 2% pebbles and inooeramidsbell 
debris, trace glauconite. Most pebbles are phosphatic intraclasts. IS to 
25 cm thick crossbed sets alternate with heterolithic wavy to lenticular 
sandstone and mudstone interbeds. Patchy burrowing.
Unit 7: Grossbedded sandstones and heterolithic interbeds. Grain size 
ranges from 250 to 700 pm. Trace to no glauconite. 20 to 75 cm thick 
tabular-tangential to (rough crossbedded sets alternate with 5 cm thick 
heterolithic interbeds. Interbeds consist of wavy to lenticular sandstone 
and mudstone beds. Burrows sparse, primarily Ophiomorpha and 
Skolithos. Interbeds more intensely burrowed thain foresets. 
Paleocurrents to southeast.
20m-
15m-
10m-
55' 5m-
m m r s
V / A 4,'* I*1
. --g— — - -  -•
Unit 6: Muddy sandstone. Grain size from 200 to 300 pm. 10% 
glaucooite and rare phosphate clasts. Unit consists of continuous 
5  bioturbated muddy sandstooe bed traceable throughout the outcrop belL
Unit 5: Goss bedded sandstones and heterolithic interbeds. Grain size 
ranges from 250 to 350 pm. 10% glaucooite. 12 to 25 cm thick 
tabular-tangential crossbed sets alternate with heterolithic interbeds. 
tnlerbeds consist of thinly-bedded wavy and lenticular sandstones and 
** mudstones. Interbeds are bottomsets aul toesets of overlying foresets.
Unit 4: Goss bedded sandstone. Grain size ranges from 350 to 700 
pm ;averages500pm. lO-lS% glauconileandrarepebbIes. Unit 
consists of a single tabular tangential crossbed seL Smaller 
decimeter-scale crossbeds on main foresets dip at oblique angle to 
master crossbedding. Paleocumnts to southeast. Sparse Ophiomorpha 
and Skolithos burrows.
Unit 3: Interbedded recessive muddy sandstones and resistant 
sandstones. Grain size ranges horn 250 to 350 pm. Alternating 10 to 
50 cm thick, muddy bioturbated sandstone beds and 20 to 50 cm 
burrowed sandstone beds displaying faint cross stratification. 
Crossbedded sandstones are approximately 50% bturowed and contain 
10 to 20% glaucooite. Paleocurrents to southeast. Burrowing increases 
upward in sandstone beds. Concrelioo bed at 15.2m overlies 
bioturbated top of sandstone bed. Burrows include Skolithos, 
Thalassinoides, and unidentified small cylindrical ctay-Uned burrows.
Unit 2: Bioturbated muddy sandstone. Grain size ranges from 90 pm to 
pebbles; averages 150 pm. Abundant 250 to 350 pm. and lesser 1-2 
mm sand grains dispersed in finer-grained matrix. Unit contains 5-10% 
glaucooite, abundant coaly fragments, and rare phosphate pebbles. Unit 
is heavily bioturbated throughout with only faint (races of bedding. 
Concretion beds at 8.5 and 13.5 meters.
U n it l:  Interbedded sandstone and muddy sandstooe. Grain size; 
90*125 pm. Muddy bioturbated sandstone beds alternate with 
ripplebedded. horizontally laminated, and hummocky cross-stratified 
sandstones. Primarily ripplebedded at base with hummocky 
stratification more prevalent near top. Abundant carbonaceous 
material in muddy sandstones. Upper one meter is amalgamated 
hummocky bedded sandstone with wave rippled bedding planes. Wave 
ripple crests trend northwest-southeast. Upper surface is heavily 
burrowed and limooite stained. Burrows include rare Ophiomorpha, 
and abundant unidentified small, cylindrical, horizontal burrows.
Measured:
G .Riley, 7-90
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San Juan River section 5 
NW, SW, Sec. 27, T30N, R18W
U n it 11: R ip p le b e d d e d  sa n d sto n e . G ra in  size : 2 5 0  p m . T h in . 2  cm  th ick , r ip p le d  
san d sto n es  in te rb ed d e d  w ith  lam in a ted  sh a le s . P a tch y  burrow ing .
U n it 10: C ro ssb ed d e d  san d sto n e . G ra in  s ize : 4 0 0  p m . S in g le  tab u la r  
tan g e n tia l c ro s s b e d  s e t  
U n it 9 : C ro ssb ed d e d  san d sto n e . G ra in  size : 35 0  p m . 15 - 5 0  cm  th ick  tab u la r  
12 tan g en tia l c ro s sb e d  s e ts .  S e ts  sep ara ted  b y  h e te ro lith ic  rip p leb ed d ed  strata. 
P a leo cu rren ts  to  s o u th e a s t
U n it 8 : R ip p le b e d d e d  a n d  h o riz o n ta lly  lam in ated  san d sto n es  a n d  lam inated  sh a le s . 
11 S an d  s ize : 2 0 0  p m .
U n it 7 : C ro ssb ed d e d  san d sto n e . G ra in  s iz e : 2 50  p m . 2 %  g lau co n ite , in tra c la s ts  a t 
IQ  base. O n e  m e te r  th ic k  co m p o u n d  c ro ssb e d  c o se t a t  b ase  w ith  a lte rn a tin g  lo w -an g le  
fo rese ts  and  m u d d y  b u rro w e d  sa n d sto n e s . C ro ssb ed  se ts  5  - 1 0  cm  th ick .
U n it  6: B io tu rb a ted  m u d d y  san d sto n e . G ra in  s ize : 2 5 0  p m . 5 %  g laucon ite  a n d  
p h o sp h a te  p eb b les . P e b b les  in crease  u pw ard .
U n it 5 : C a rb o n a ce o u s  m u d sto n e . 5  - 1 0 %  g lau co n ite , a b u n d a n t terrestria l o rg an ic  
m atte r , 5  • 1 5 %  san d . D o m in an t s a n d -s ize  2 5 0  p m . .
U n it  4 :  C ro ssb ed d e d  san d sto n e . G ra in  s iz e : 500  p m , 10%  g laucon ite . L o w -a n g le  
c ro ssb e d s  a t  b a s e  d ip  to  s o u th w e s t  T o p  o f  u n it h ig h ly  b io turbated .
U n it 3 : B io tu rb a ted  m u d d y  san d sto n e . G ra in  size: 25 0  p m . S m all tro u g h  cro ssb ed s 
(5 c m  th ick ) in  o v e ra ll m u d d y  b io tu rb a ted  sandstone .
U n it 2 : C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 3 50  p m . 5 - 1 5  cm  th ic k  c ro ssb ed d ed  
san d sto n es . U n i t  h eav ily  b u rro w e d , p rim arily  w ith  v e rtica l Ophiomorpha and  
Skolithos.
U n it 1: C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 3 50  - 5 0 0  p m . 1 0 -1 5 %  g lau co n ite , 
trace  o f  p h o sp h a te  p e b b le s . S ed im e n ta ry  stru c tu res  c o n s is t o f  10  - 2 5  cm  th ick  
tro u g h  c ro ssb ed s . Skolithos bu rrow s. P a leo cu rren ts  to  sou theast.
M e a s u re d :
G  .R ile y ,  7 -9 0
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San Juan River section 6 
NW, NE, Sec. 26, T30N, R18W
U n it  1 1 : R ip p le b e d d e d  san d sto n e . G ra in  s iz e : 2 5 0  jam. T h in , 2  c m  th ick , r ipp led  
s an d sto n es  in te rb ed d ed  w ith  lam in a te d  sh a le s . S o m e  s m a ll  tro u g h  cro ssb ed d ed  
san d sto n es . P a tch y  bu rro w in g .
U n it  10 : C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 3 5 0  - 1 0 0 0  Jim , tra c e  o f  p eb b les  
c o n cen tra ted  a t  base. S in g le , 1 m e te r  th ic k  t a b u la r  tan g e n tia l c ro ssb e d  se t.
F o re se ts  d isp la y  a lte rn a tin g  2  c m  c o a rse  (1 0 0 0  p in )  a n d  5  c m  fin e r  (3 5 0 p m ) 
layers. P a leo c u rre n ts  to  s o u th e a s t  Ophiomorpha burrows.
U n it  9 : B io tu rb a ted  m u d d y  san d sto n e . G ra in  s iz e : 2 0 0  p m , g lau co n itic , ab u n d an t 
c a rb o n a c e o u s  m atter.
U n i tS :  C ro ssb ed d ed  s an d sto n e . G ra in  s ize: 4 0 0  p m ,  1 0  % g laucon ite . S in g le , 1 
m e te r  th ic k  c ro s sb e d  s e t  P a leo c u rre n ts  to  s o u th e a s t  
U n it 7 : C a rb o n aceo u s  m u d sto n e .
U n it  6: C ro ssb ed d e d  san d sto n e . G ra in  s iz e : 3 5 0  p m , 5  - 1 0 %  g lau co n ite . 2 0  c m  
th ic k  tab u la r  tan g en tia l c ro s sb e d s  sep ara ted  b y  m u d d y  san d sto n es . U nit 
m o d era te ly  b u rro w ed , w ith  m u d d y  san d sto n es  m o re  h e a v ily  b u rro w ed .
U n it  5 : M u d d y  b io tu rb a ted  san d sto n e . G ra in  s iz e :  2 5 0  p m , 5%  g lau co n ite , 
a b u n d a n t ca rb o n a c e o u s  m ate ria l. C a rb o n a ce o u s  m a te ria l in c re a se s  u pw ard .
U n it  4 : C ro ssb ed d ed  san d sto n e . G ra in  size : 3 5 0 - 4 5 0  p m , 10%  g lau co n ite . 1 0 -  
2 5  cm  c ro ssb e d  s e ts  s e p ara te d  b y  m u d d y  sa n d sto n e  in te rb ed s . U n it  co arsen s  
u p w ard  s lig h tly . U n it m o d e ra te ly  b u rro w ed , b u rro w in g  in creases  upw ard . T o p  o f  
u n it  b io tu rb a ted .
. 11. 1.
;  1 U n it 3 : B io tu rb a ted  m u d d y  san d sto n e . G ra in  s iz e : 2 0 0  |tm .
‘.p  U n it  2 : C ro ssb ed d e d  s an d sto n e . G ra in  s iz e : 3 5 0  - 5 0 0  ju n ,  10%  g lau co n ite . 2 5  - 
5 0  c m  th ic k  ta b u la r  tan g e n tia l c ro ssb e d s . C ro ssb ed s  m o d era te ly  burrow ed . 
B u rro w in g  in creases  u p w ard . B u rro w s  in c lu d e  P ia n o li te s  a n d  T h alassino ides.
1 U n it 1: M u d d y  b io tu rb a ted  sa n d sto n e . G ra in  s iz e : 3 5 0  p m , 10 - 2 0 %  g laucon ite . 5  
c m  th ic k  s a n d sto n e  bed s. Id en tifie d  b u rro w s  a re  Skolithos an d  Ophiomorpha.
M e a s u r e d :
G.Riley, 7-90
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M u la tto  
T o n g u e  
T o cito  S an d s to n e  
u p p e r sa n d sto n e  m em b e r
T o c ito  S a n d s to n e ® ^  
lo w er sa n d sto n e  m em b e r
San Juan River section SJR-7 
SW SW NE Sec. 21 T 30 N R 18 W
Vv V V % . 1 U n i t  1.
U n i t  2 . C ro ssb ed d e d  san d sto n e . 5 0 0 p ,  2 -5 %  p eb b les . 
T a b u la r  tan g e n tia l c ro s sb e d  s e t  o v e rlie s  s h a rp  e ro sio n a l
C ro ssb ed d e d  g lau c o n itic  sa n d sto n e . G ra in  s iz e : 
3 5 0 )i, 3 0 %  g lau c o n ite . T a b u la r  tan g e n tia l c ro s sb e d  s e t  
B ase  n o t  e x p o sed .
M e a s u r e d :
G .Riley, 7-90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
288
e o
&o
Co
(D
7 3
o .
£
§3
O  
o  °
T3
3
E
I
=1oo
:±oo
=Loo
'. I ? ! 1? San Juan River section 8 NW, SE, SE, Sec. 21, T30N, R18W
© Q>
3  3) 
^  o  
S  H
7^0m1n  n  I . »  . »  . »  . »  . < . »  . «  .  ♦ . ■ .
•a §
15m -
w m
U n it  6: T rough  c ro ssb e d d e d  san d sto n e . G ra in  s iz e : 5 0 0  ftm . 5 %
6 p e b b le s  and  a b u n d a n t sh e ll  h ash . Pseudoperna lay e r a t  lo p . T h in  5  ■ 
c m  t ro u g h  c ro ssb e d d e d  s a n d sto n e s  in te rb ed d e d  w ith  lam in ated  
m u d sto n es . W av y  b ed d in g  p lanes.
10
U n it  5 :  C ro ssb ed d ed  san d sto n e . G ra in  s iz e : 3 5 0  ftm . 2%  g lau co n ite , a 
few  in tracla s ts  a t  base . R eac tiv a tio n  su rfa c e s  tru n c a te  foresets. 
Ophiomorpha, Skolithos, and Rossellia b u rrow s.
U n it  4 :  B io tu rba ted  m u d d y  san d sto n e . S a n d  s ize : 2 5 0  -  35 0  ftm , ra re  1 
m m  s a n d  grains. 5  - 1 0 %  g lau co n ite , ra re  p h o sp h a te  pebb les. S o m e  
in te rb ed d ed  b io tu rb a te d  sa n d sto n e  beds. In te rv a l m o stly  c o v e red . 
C o n cre tio n  b e d  n e a r  base.
U n it  3 :  In te rb ed d ed  b io tu rb a te d  m uddy  san d sto n es  a n d  r ip p leb ed d ed  
sa n d sto n es . S a n d  s iz e : 100  fun . U n it s im ila r  to  u n it  2 , b u t  w ith  less 
s an d sto n e . T o p s o f  s a n d sto n e  b e d s  h eav ily  b u rro w ed . M o stly  c o v e re d  at 
top .
U n it  2 :  In te rb ed d ed  b io tu rb a te d  m u d d y  s a n d s to n e  an d  san d sto n e . S and  
s iz e : 1 0 0  fun. U n it sh o w s a lte rn a tin g  re s is ta n t r ip p leb ed d ed  san d sto n es  
a n d  less-re s is tan t b io tu rb a ted  m u d d y  san d sto n es . E a c h  c y c le  w ith  
recess iv e  m uddy  sa n d sto n e  b ase  and  a m a lg am ated  san d sto n e  a t  top. 
S e q u e n c es  o n  th e  o rd e r  o f  .5 m  th ick . In d iv id u a l san d sto n e  b e d s  o n  th e  
o rd er o f  10 cm  th ick . S o m e  w av e-rip p led  b ed d in g  p lanes. C y c le s  th icken  
a n d  c o n ta in  m o re  sa n d sto n e  to w ard  top  o f  u n i t
U n i t l :  B io tu rb a ted  m u d d y  san d sto n e . S an d  size : 100  ftm . A f e w th in  
(cm s) rip p led  sa n d sto n e  bed s . C o n cre tio n  lay e r  a t  .2  m . S h a rp  top .
M e a s u re d :  
G .R i le y ,  7 - 9 0
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C, SE, Sec. 21, T30N, R18W
U n it  9 :  P e b b ly  c ro ssb e d d e d  san d sto n e . G ra in  s iz e  averages 
5 0 0  p m . U p  to  2 5 %  p eb b les  a n d  she ll hash . 10 c m  th ick  
tro u g h  c ro ssb e d d e d  se ts .
U n i t  8: C ro ssb ed d e d  san d sto n e . G ra in  s iz e  ran g e s  fro m  50 0  
to  7 0 0  tu n . T ra c e  o f  g lau co n ite , tra c e  to  2 %  pebb les. 5 0  to  7 5  
c m  th ic k  tab u la r-tan g e n tia l c ro s sb e d  se ts . B u rro w s sparse , 
p rim a rily  Ophiomorpha. P a leo cu rren ts  to  so u th east.
U n i t  7 : P e b b ly  c ro ssb e d d e d  sa n d sto n e . G ra in  s iz e  averages 
5 0 0  p m . T ra ce  o f  g lau co n ite . U p  to  5%  p eb b les  an d  she ll 
h a sh . 10  to  2 5  cm  th ick  tro u g h  c ro ssb e d d e d  s e ts . S h a rp  base. 
B u rro w s  s p a rse , p rim arily  Ophiomorpha an d  Skolithos.
U n it  6: B io tu rb a ted  m u d d y  sa n d sto n e . S and  s iz e  from  175 to  
2 5 0  p m . 1 5 %  g lau co n ite , rare  p h o sp h a te  c la s ts . U n it show s 
su b tle  co a rse n in g -u p w ard  trend . U n it c o n sis ts  o f  con tin u o u s 
b io tu rb a te d  m u d d y  s a n d sto n e  b e d  traceab le  th ro u g h o u t the 
o u tc ro p  b e l t
U n i t  5 :  In te rb ed d ed  c ro ssb e d d e d  san d sto n es  a n d  m u d d y  
b io tu rb a te d  san d sto n e s  G ra in  s iz e  ran g es  from  2 5 0  to  35 0  p m . 
10%  g lau c o n ite  average , w ith  u p  to  3 0%  in san d sto n e  beds. 15 
to  2 5  c m  th ic k  tab u la r-tan g en tia l c ro ssb ed  se ts  a lte rn a te  w ith 
b o tto m se t  d e p o s its . C ro ssb ed s  u p  to  30%  b u rro w ed .
U n i t  4 :  B u rro w ed  c ro ssb ed d ed  san d sto n e . G ra in  s ize  
a v e ra g e s  3 5 0  p m . 10%  g lau co n ite . F a in tly  v is ib le  tab u lar 
ta n g e n tia l c ro ssb e d s . 5 0 %  b u rro w s.
U n i t  3 . B io tu rb a ted  san d y  m ud sto n e .
U n i t  2 : B u rro w e d  c ro ssb ed d ed  san d sto n e . G ra in  s iz e  averages 
3 5 0 p m ;  1 0 - 1 5 %  g lau co n ite . U n i t  co n s is ts  o f  co m p o u n d  
c ro s sb e d s , w ith  d e c im e te r  sc a le  c ro ssb ed  se ts . 5 0 %  burrow s, 
p rim arily  Ophiomorpha a n d  Skolithos.
U n it  1 : B io tu rb a ted  m u d d y  s an d sto n e . S and  s iz e  av e rag es  250  
p m , w ith  ra re  1-2 m m  q u artz  g rain s . U n it c o n ta in s  5 -10%  
g lau c o n ite , a b u n d a n t co a ly  f rag m en ts , an d  ra re  p h osphate  
p eb b les . U n it  is heav ily  b io tu rb a te d  th ro u g h o u t w ith  only  
fa in t tra c e s  o f  b ed d in g . C o n c re tio n  bed  a t  1.5 m . U n it h as a 
m o re  b ed d ed  ap p earan ce  ab o v e  th e  co n c re tio n  b e d  w ith  hin ts 
o f  5 - 1 0 c m  th ic k  beds. A lso  less  m u d  ab o v e  co n c re tio n  bed.
M e a s u r e d :  
G .R i le y ,  7 - 9 0
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(Jnit 7: Interbedded burrowed crossbedded sandstones and bioturbated 
muddy sandstones. Grain size ranges from 250 to 350 pm. Alternating 
20 -50 cm thick crossbedded sandstones and 5*10 cm thick bioturbated 
muddy sandstone beds. Burrowing decreases upward and grain size 
increases upward. Lag of intraclasts at base.
Unit 6: Bioturbated muddy sandstone to sandy mudstone. Grain size 
averages 200 pm. 10% glauconite and numerous phosphate clasts. 
Abundant carbonaceous material. Two continuous concretionary 
horizons.
Unit 5: Interbedded burrowed crossbedded sandstones and bioturbated 
muddy sandstones. Grain size ranges from 250 to 350 pm. Alternating 
20 cm thick crossbedded sandstones and 5-10 cm thick bioturbated 
muddy sandstone beds. Crossbedded sandstones contain 10 to 20% 
glauconite. Abundant carbonaceous material. Burrows include 
Skolithos, Thalassinoides, and Ophiomorpha.
Unit 4: Bioturbated muddy sandstone to sandy mudstone. Sand size 
ranges from 250 to 350 pm. 10% glauconite, and abundant 
carbonaceous material. Base of unit covered.
Unit 3: Interbedded sandstone and muddy sandstone. Grain size; 
90-200 pm. Muddy bioturbated sandstone beds attemate with 
horizontally laminated, and hummocky cross-stratified burrowed 
sandstones. Upper surfaces of sandstone beds heavily burrowed. 
Burrows include Ophiomorpha, Thallasinoides, and Planolites. 
Upper contact of unit covered.
Unit 2: Interbedded sandstone and muddy sandstone. Unit mostly 
covered. Grain size; 90-175 pm. Muddy bioturbated sandstone beds 
alternate with ripplebedded, horizontally laminated, and hummocky 
cross-stratified sandstones. Abundant carbonaceous material in 
muddy sandstones. Upper surfaces of sandstone beds heavily 
burrowed. Burrows include rare Ophiomorpha, and abundant small, 
cylindrical, horizontal burrows.
Unit 1: Muddy bioturbated sandstone Sand size; 90-125 pm. Abundant 
carbonaceous material. Visible burrows are primarily small, cylindrical, 
horizontal burrows.
Measured:
G.Riley, 7-90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
291
T l 1? !
1 5 m -
10m - |
mm
V V .  V. V»».
. .  .V
■33-3L-
Pipeline W ash section  2 
C Sec. 20 , T 30N , R 19W
U nit 5 : Interbedded burrow ed crossbedded sandstones and  b ioturbated 
m uddy sandstones. G rain s ize  ranges from  250 to 350 p m . A lternating 
20 -50  cm  th ick  crossbedded sandstones and 5-10 cm  th ick  b ioturbated 
m uddy sandstone beds. C ontinuous bioturbated sandstone bed a t 21.25 
m . B urrow ing decreases upw ard  and grain size increases upw ard. Lag o f 
intraclasts a t  base. Upper surface very pebbly.
U n it 4 : B ioturbated m uddy sandstone to sandy m udstone. G rain s ize  
averages 200 pm . 10% glauconite and num erous phosphate  clasts. 
A bundant carbonaceous m aterial. T w o continuous concretionary  
horizons.
U n it 3 : Interbedded burrow ed crossbedded sandstones and  bioturbated 
m uddy sandstones. G rain s ize  ranges from  250 to 350 p m . A lternating 
10-20 cm  thick c rossbedded sandstones and 5 -10 cm  th ick  b ioturbated 
m uddy sandstone beds. C rossbedded sandstones con tain  10 to  20%  
glauconite and a re  heavily  burrow ed. A bundant carbonaceous m aterial. 
B urrow s include Skolithos, Planolites, Thalassinoides, and Ophiomorpha.
U nit 2 : B ioturbated m uddy sandstone to  sandy m udstone. Sand size  
ranges from  250 to 350 pm . 10% glauconite, and  abundan t carbonaceous 
m aterial. Base o f un it covered.
U nit 1: Interbedded sandstone and  m uddy sandstone. Sand size: 9 0  pm . 
U nit consists of a series o f coarsening upw ard sequences. Sequences 
contain m uddy bioturbated sandstones at base and  ripplebedded. 
horizontally  lam inated, and hum m ocky cross-stratified sandstones a t  top. 
A bundant carbonaceous m aterial in m uddy sandstones. U pper surfaces 
o f  sandstone beds heavily  burrow ed. Burrow s include Ophiomorpha, 
Thallasinoides, and Planolites. Upper sandstone beds a re  thicker than 
lower sandstone beds.
M easu red : 
G .R ile y , 7 -9 0
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1 0  U n it 1 0 : C ro ssb ed d ed  s a n d sto n e s . G ra in  s iz e  ran g es  from  2 5 0  to  3 50  p m . 10-25  
c m  th ic k  tro u g h  c ro ssb e d  se ts .
U n it 9 :  C ro ssb ed d ed  sa n d s to n e s  and h e te ro lith ic  in te rb ed s . G ra in  s iz e  ran g e s  fro m  
2 5 0  to 3 5 0  p ra .  10-25 c m  th ic k  tab u la r- tan g en tia l c ro ssb e d  s e ts  a lte rn a te  w ith  
w avy b e d d e d  h e te ro lith ic  in te rb ed s .
U n it 8: R ip p leb ed d ed  s a n d s to n e  and sh a le . G ra in  s iz e  a v e ra g e s  2 5 0  p m .
In te rb ed d ed  th in  c m  sc a le  r ip p leb ed d ed  san d sto n e s  a n d  sh a le . S o m e  th in  tro u g h  
c ro ssb ed  se ts . H e te ro lith ic  stra tif ica tio n  p rim a rily  w av y  b ed d ed .
U n it  7 :  C ro ssb ed d e d  sa n d sto n e . .5 -1 .0  m  th ic k  tab u la r- tan g e n tia l c ro s sb e d  sets.
M ud  d rap e s  o n  foresets. H e a v ily  burro w ed  b o tto m se t b eds. S o m e  h u m m o ck y  
e ro sio n a l su rfaces.
U n it 6: C ro ssb ed d ed  san d sto n e . G rain  s iz e  a v e ra g e s  3 0 0  p m . C o n s is ts  o f  a  s in g le  
1.0 m  th ic k  tab u la r  tan g e n tia l c ro ssb ed  s e t  E ro s io n a l-b ased  tro u g h  c ro ss  b ed s  a t  
top .
U n it 5 :  R ip p leb ed d ed  s a n d s to n e  and sh a le . G ra in  s iz e  a v e ra g e s  2 5 0  p m . In te rb ed d ed  
th in  cm  s c a le  r ip p leb ed d ed  sa n d sto n es  a n d  sh a le . H e te ro lith ic  s tra tif ic a tio n  p o rim arily  
w avy b ed d ed .
U n it 4 :  In te rb ed d ed  c ro ssb e d d e d  san d sto n e  a n d  m u d d y  san d sto n e . G ra in  s iz e  ran g es  
from  2 5 0  to  3 5 0  p m . 1 0 -2 5  c m  thick tab u la r- tan g e n tia l c ro s sb e d  se ts  a lte rn a te  w ith  
b io tu rb a ted  m u d d y  sa n d sto n e  in terbeds.
U n i t3 :  B io tu rb a ted  m u d d y  sandstone . S a n d  s ize : 175-250  p m .
U n it 2 : C ro ssb ed d ed  san d sto n e . G rain  s iz e  av e rag es  30 0  p m . C o n s is ts  o f  a  s in g le  
1.5 m  th ic k  tab u la r  tan g e n tia l c rossbed  s e t  E ro s io n a l-b ased  t ro u g h  c ro ss  b e d s  a t  
top . B io tu rb a ted  u p p e r s u rf a c e  w ith  large  Rossellia b u rrow .
U n it 1: C ro ssb ed d e d  san d sto n e . G rain s iz e  av e rag es  2 5 0  p m . C o n s is ts  o f  10 - 2 0  
cm  th ic k  c ro s sb e d  s e ts , c o m p u n d  co se ts  a t  to p . S e ts  h eav ily  b u rro w e d  a n d  c o n ta in  
up  to  10%  p eb b les  locally .
Measured:
G. Riley, 7-90
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SW, SE, Sec. 27., T30N, R19W
q  U n it  9 :  C ro ssb ed d ed  s a n d sto n e s  a n d  he te ro lith ic  in te rb ed s . M o stly  covered . 
A p p ea rs  s im ila r  to  u n it 7.
U n it  8: C ro ssb ed d ed  sa n d sto n e . G ra in  s iz e  a v e ra g e s  3 0 0  p m . C o n s is ts  o f  
g  .5  m  th ic k  co m p o u n d  c ro ssb e d  c o s e t
— U n it 7 :  C ro ssb ed d ed  sa n d s to n e s  an d  h e te ro lith ic  in te rbeds. G ra in  s iz e  
ran g e s  f ro m  2 5 0  to  35 0  p m . 10-15 cm  th ick  tab u la r- tan g en tia l c ro ssb e d  
7  se ts  a lte rn a te  w ith  lam in ated  he te ro lith ic  in terbeds. In te rb ed s  c o n s is t  o f  
th in ly -b e d d e d  w av y  a n d  len ticu la r  san d sto n es  an d  m u d sto n es .
U n it  6: C ro ssb ed d ed  s a n d sto n e . G ra in  s iz e  average 
V - 5  U5 ra  th ick  ta b u la r  tan g e n tia l c ro ssb e d  set. S m all, e
f V 'i *  * r r o s s  h(»H< t n m r n t i *  u n n p r  n n r t  f t f  «!»♦ T -fp n v ilv  h in f tn
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s  3 0 0  l ira . C o n s is ts  o f  
ro s io n a l-b a se d  tro u g h  
c ro ss  b e d s  tru n c a te  u p p e r p a r t  o f  s e t  H eav ily  b io tu rb a te d  to p  su rface .
U n it 5 :  R ip p leb ed d ed  s a n d s to n e  a n d  shale . G ra in  s iz e  a v e ra g e s  2 5 0  |u n . 
In te rb ed d e d  th in  cm  sc a le  r ip p le b ed d e d  san d sto n es  a n d  sh a le . H e te ro lith ic  
s tra tif ica tio n  p rim arily  w a v y  bed d ed .
U n it 4 :  C ro ssb ed d ed  san d sto n e . G ra in  s iz e  a v e ra g e s  3 0 0  p m . C o n s is ts  o f  
1.5 m  th ic k  t a b u la r  tan g e n tia l c ro s sb e d  se t. A  few  b u rro w s  o n  s e t  
b o u n d aries . M u d -d rap ed  fo rese ts .
2  U n it 3 :  C ro ssb ed d ed  san d sto n e . G ra in  s iz e  a v e ra g e s  3 0 0  p m . C o n s is ts  o f  
.5-1 m  th ic k  tab u la r  tan g e n tia l c ro ssb e d  se ts . 3 0 %  b u rro w s , co n c en tra te d  
on  s e t  b o u n d arie s . R ip p leb ed d ed  to ese ts  a n d  bo tto m sets .
2  U n it 2 :  B io tu rb a ted  p eb b ly  san d sto n e . G ra in  s iz e  a v e ra g e s  3 5 0  p m . 
S an d s to n e  b ed s  ap p ro x im ate ly  25  cm  th ick , sep ara ted  b y  b io tu rb a ted  
m u d d y  in te rb e d s  B urrow s in c lu d e  Skolithos, Thalassinoides, and  
Ophiomorpha. S harp , e ro s io n a l b ase  w ith  peb b le  lag.
1 U n i t l :  B io tu rba ted  m u d d y  san d sto n e . S an d  size: 17 5 -2 5 0  p m , 2 -5 %  
g lau co n ite ., ab u n d an t c a rb o n a c e o u s  m ate ria l, s c a tte red  p h o sp h a te  peb b les . 
S u b u n it B is  s lig h tly  less  b u rro w ed  an d  has a  m o re  b e d d e d  a p p earan ce  
than  A .
Measured:
G.Riley, 7-90
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U n it  9 :  C rossb ed d ed  san d sto n e s  a n d  h e te ro lith ic  in te rbeds. G ra in  
s iz e  r a n g e s  fro m  2 5 0  to  3 5 0  p m . 2 5  to  7 5  cm  th ick  
tab u la r-tan g en tia l c ro ssb ed  s e ts  a lte rn a te  w ith  lam inated  
h e te ro lith ic  in terbeds. In te rb ed s  c o n s is t  o f  th in ly -b e d d e d  w a v y  and  
len ticu la r  san d sto n es  an d  m u d sto n es . In te rb ed s  a re  b o tto m se ts  an d  
to ese ts  o f  o verly ing  foresets.
U n it 8: C rossb ed d ed  san d sto n e . G ra in  s iz e : 3 5 0  p m . C o m p o u n d  
- c ro s s b e d s . S e ts  2 0  cm  th ick .
U n it 7 :  C ro ssb ed d ed  san d sto n e s  a n d  b io tu rb a ted  in terbeds. G ra in  
size  r a n g e s  from  2 50  to  5 0 0  p m . T ra ce  o f  g lau co n ite . 10 -15  cm  
th ic k  c ro ssb e d  s e ts  a lte rn a te  w ith  5  cm  th ic k  b io tu rb a ted  in te rb ed s. 
S h a rp  e ro s to n a l base.
U n it 6: B io tu rba ted  m u d d y  sa n d sto n e  to  sa n d y  m u d sto n e . G ra in  
s ize  a v e ra g e s  200 pm . 10%  g lau co n ite  w ith  ra re  p h o sp h a te  c la s ts . 
A b u n d a n t ca rbonaceous m a te ria l. U n i t  fo rm s  co n tin u o u s b ed  
th ro u g h o u t o u tcro p  belL
U n it  5 :  C ro ssb ed d ed  s an d sto n e . G ra in  s iz e  ran g e s  from  3 5 0  to  7 0 0  
p m ; a v e ra g e s  5 0 0  p m . 1 0  - 1 5 %  g lau co n ite  a n d  ra re  peb b les . U n it 
c o n s is ts  o f  a  s in g le  tab u la r  tan g e n tia l c ro s sb e d  s e t  S p a rse  
Skolithos b u rrow s. U p p er s u rfa c e  in ten se ly  b io tu rb a ted .
U n it 4 :  C rossb ed d ed  sa n d sto n e s  a n d  h e te ro lith ic  in terbeds. G ra in  
size  ran g e s  fro m  25 0  to  3 5 0  p m . A lte rn a tin g  5 0  c m  th ick  
c ro ssb c d d e d  sandstones a n d  5 -1 0  c m  th ic k  h e te ro lith ic  bo tto m sets . 
C ro ssb ed d ed  sandstones c o n ta in  10 to  2 0 %  g lau co n ite . A b u n d a n t 
ca rb o n a c e o u s  m ateria l. B u rro w s  in c lu d e  Skolithos, Thalassinoides, 
an d  Ophiomorpha. 8 0  c m  th ic k , sh a rp -b a sed  s e t  a t  base.
U n it 3 :  In te rbedded  recess iv e  m u d d y  san d sto n e s  and  res is ta n t 
s a n d sto n es . G ra in  size  ran g e s  fro m  2 5 0  to  3 5 0  p m . A lte rn a tin g  10 
to  5 0  c m  th ick , m u d d y  b io tu rb a ted  sa n d sto n e  b e d s  an d  2 0  to  5 0  cm  
b u rro w e d  sa n d sto n e  b e d s  d isp la y in g  fa in t  c ro s s  s tra tif ica tio n . 
C ro ssb ed d ed  sandstones  a re  a p p ro x im ate ly  5 0 %  burro w ed  and  
c o n ta in  10  to  20%  g lau co n ite . A b u n d a n t c a rb o n a c e o u s  m ate ria l. 
B u rro w s in clu d e  Skolithos, Thalassinoides, an d  u n id en tified  sm a ll 
c y lin d ric a l c lay -lin ed  b urrow s.
U n it  2 :  B io tu rba ted  m u d d y  sa n d sto n e  to  san d y  m u d sto n e . G ra in  
s iz e  a v e ra g e s  200 p m . 10%  g lau c o n ite  an d  n u m ero u s  p h o sp h a te  
c la s ts . A b u n d a n t c a rb o n aceo u s m ate ria l.
U n it  1: B io tu rba ted  m u d d y  sa n d sto n e . S a n d  s ize : 17 5 -2 5 0  p m , 
2 -5%  g lau co n ite ., ab u n d an t c a rb o n a c e o u s  m a te ria l. S o m e  th in  
h o rizo n ta lly  lam inated  san d sto n e s  an d  r ip p le b ed d e d  sandstones.
Measured:
G.Riley,7-90
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Lichi Wash section 1 
SW Sec. 8, T30N, R19W 
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U n it 5 :  Interbedded burrow ed crossbedded sandstones and  
bio turbated  m uddy sandstones. G rain s ize  ranges from  250 to  3S0 
p m . A lternating  20 -50 cm  thick crossbedded  sandstones an d  5-10 
cm  th ick  b io turbated  m uddy sandstone beds. L ag  o f  in traclasts  a t  
base.
U n it 4 :  B ioturbated m uddy sandstone to  sandy  m udstone. G rain  s ize  
averages 200 pm . 10% glauconite and  n um erous phosphate  c lasts. 
A bundant carbonaceous m aterial. T w o  continuous concretionary  
horizons.
U nit 3 :  Interbedded burrow ed crossbedded sandstones and 
b io turbated  m uddy sandstones. U nit poorly  exposed . G rain  s ize  
ranges from  250 to 350 p m . A lternating 10-20 cm  th ick  crossbedded 
sandstones an d  5-10 cm  th ick  b ioturbated m u d d y  sandstone beds. 
C rossbedded  sandstones contain  2-10%  glauconite  an d  a re  
burrow ed. B urrow s include Skolithos, Planolites, Thalassinoides, an d  
Ophiomorpha.
U n it 2 :  B ioturbated m uddy sa n d sto n e to  sandy  m udstone. Sand s ize  
ranges from  25 0  to  350 p m . 10% g lauconite, an d  abundant 
carbonaceous m aterial. B ase o f un it covered.
U n it 1: Interbedded sandstone and  m uddy sandstone. G rain  size: 9 0  
-1 2 5  p m . U nit m ostly  covered and consists o f a  se ries o f  coarsening  
upw ard  sequences. Sequences contain m uddy b io turbated  sandstones 
a t  base  and  ripplebedded. horizontally  lam inated , and  hum m ocky 
cross-stratified  sandstones a t top. Concretion bed near top o f  unit.
M e asu re d : 
G .R ile y , 7 -9 0
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Flowing Well section-1 
NE, NW Sec. 5, T30N, R19W
U n it  8: C ro ssb ed d ed  s a n d sto n e . G ra in  s iz e  ran g es  from  2 5 0  to  35 0  
p m . C a lc are o u s  c e m e n t  A b u n d a n t p e b b le s  a t  top , and  lay e r o f  
Pseudoperna sh e lls  o n  to p  su rface . 2 0  -5 0  c m  th ic k  tab u la r  
tan g e n tia l c ro ssb ed d ed  sa n d sto n e  se ts . U n it  c o a rse n s  u pw ard . 
O v e r la in  by  M ulatto  T on g u e .
U n it  7 :  B io tu rb a ted  m u d d y  san d sto n e  to  sa n d y  m u d sto n e . G ra in  
s iz e  a v e ra g e s  200 p m . 10%  g lau co n ite  a n d  n u m ero u s p h o sp h a te  
c la s ts . A b u n d a n t ca rb o n aceo u s  m ateria l.
U n it  6: C ro ssb ed d ed  san d sto n e . G ra in  s iz e  ran g e s  fro m  2 5 0  to  3 50  
p m . 5 -1 0 %  g lau co n ite . H eav ily  b u rro w ed  c ro ssb e d d e d  san d sto n e  
bed s . S e ts  a p p ro x im ate ly  2 0 - 5 0  c m  th ick . B u rro w s  p rim arily  
Skolithos a n d  Ophiomorpha.
U n it  5 :  In te rb ed d ed  b u rro w ed  sa n d sto n e s  a n d  b io tu rb a ted  m u d d y  
sa n d sto n e s . G ra in  s iz e  ran g e s  f ro m  2 5 0  to  3 5 0  p m . A lte rn a tin g  
10 -2 0  c m  th ic k  b u rro w e d  san d sto n e  b e d s  a n d  5 -1 0  cm  th ick  
b io tu rb a te d  m u d d y  sa n d sto n e  bed s . S a n d s to n e  b ed s  c o n ta in  2 -1 0 %  
g lau c o n ite  an d  a  tra c e  o f  peb b les .
U n it 4 :  B io tu rb a ted  m u d d y  sa n d sto n e  to  san d y  m u d sto n e . U n it 
p rim a rily  co v ered . S an d  s iz e  ran g es  from  2 5 0  to  3 5 0  p m . 10%  
g lau co n ite .
U n it 3 :  B u rro w ed  san d sto n e . G ra in  s iz e  a v e ra g e s  2 5 0  p m . 10%  
g lau co n ite . S in g le  c a lc a re o u s  cem en ted  sa n d sto n e  bed. F a in t 
c ro ssb ed s . H eav ily  b u rro w ed  w ith  v e rtica l b u rrow s.
U n it 2 :  B io tu rb a ted  m u d d y  san d sto n e  to  san d y  m u d sto n e . U n it 
p rim a rily  c o v e re d  in  slo p e . S an d  s iz e  ran g es  from  2 50  to  35 0  p m . 
10%  g lau co n ite . C o n cre tio n a ry  h o rizo n s  a t  2 .5  an d  3 .75  m .
Gallup
Sandstone
U n it 1 : In te rb ed d ed  rip p leb ed d ed  s a n d sto n e  a n d  sh a le . G ra in  s ize: 
90  - 1 2 5  p m . T h in  5  cm  th ick  rip p leb ed d ed  san d sto n es  in te rb ed d ed  
w ith  lam in a ted  shales.
Measured: 
G.Riley, 7-90
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Ram Horn Ridge section - 1 
NE Sec. 20, T30N, R19W
U n it  9 :  R ip p le b e d d e d  san d sto n e . G ra in  s ize  av e ra g e s  3 5 0  p m . A b u n d an t 
sh e ll b a sh , in c lu d in g  Pseudoperna sh e lls .
U n i t8 : In te rb ed d ed  r ip p leb ed d ed  san d sto n e  a n d  lam in ated  sh a le . S and  size; 
2 5 0 -3 5 0  p m . T h in , 1 -5  c m  th ic k  r ip p leb ed d ed  san d sto n e  b e d s  a re  
in te rb ed d cd  w ith  lam in a te d  s h a le  (c lay sto n e). S an d s to n e  b ed s  
d isco n tin u o u s. S o m e  w a v e  r ip p led  b ed d in g  p lan es . R a re  h o rizo n tal 
bu rrow s. Planolites type? o n  sa n d sto n e  beds an d  Chondrites in  m u d sto n es . 
A  few  a m alg am ated  r ip p led  san d sto n e  b e d s  fo rm  la te ra lly  c o n tin u o u s  beds.
U n it  7 :  In te rb ed d ed  c ro ssb e d d e d  s an d sto n es  a n d  b io tu rb a ted  m u d d y  
san d sto n es . G ra in  s iz e  ran g es  from  2 5 0  to  3 50  p m . A lte rn a tin g  2 0  cm  
th ic k  c ro ssb e d d e d  san d sto n e s  a n d  5 -1 0  c m  th ick  b io tu rb a te d  m u d d y  
sa n d sto n e  beds.
U n it 6:  L a m in a ted  m u d sto n e . C o n ta in s  th in  (m m  sca le )  r ip p le -lam in a ted  
san d sto n es . "P in -s trip e ” lam in atio n s .
U n it 5 :  In te rb ed d ed  r ip p leb ed d ed  sa n d sto n e  a n d  lam in a ted  sh a le . S an d  s ize; 
2 5 0 -3 5 0  p m . Id en tica l to  u n it  3.
U n it 4 :  A m a lg a m a te d  b io tu rb a ted  sa n d sto n e  b ed .
U n it 3 :  In te rb ed d ed  r ip p leb ed d ed  sa n d sto n e  an d  lam in a ted  sha le . S and  s ize; 
2 5 0 -3 5 0  p m . B ase  sh a rp  a n d  c o n ta in s  p h o sp h a te  p e b b le s  a n d  c o b b le -s iz e  
in traclasts . T h in , 1-5 c m  th ic k  r ip p leb ed d ed  san d sto n e  b e d s  a re  in te rb ed d ed  
w ith lam in a ted  s h a le  (c lay sto n e ). S a n d s to n e  b e d s  d isco n tin u o u s. S o m e  
w av e  r ip p led  b ed d in g  p lan es . R a re  h o rizo n tal b u rro w s  (Planolites in 
san d sto n es  a n d  Chondrites in  m u d sto n es . L a tera lly  a re  2 5  c m  th ick  
tan g en tia l c ro ssb e d s  th a t p e rs is t  fo r  a p p ro x im ate ly  15 m .
U n it 2 :  S an d y  sha le . N o  v is ib le  lam inations. C a lc a re o u s  c e m e n t  
B en to n ite  an d  ca lc a re o u s  c o n c re tio n  h o rizo n  a t  base. C o n c re tio n s  are 
ra th e r  sm a ll (ap p ro x im a te ly  5 cm  d iam e te r).
1 U n it  1 : S ilty  sh a le . N o  v is ib le  lam in a tio n s . C a lcareo u s c e m e n t
Measured: 
G.Riley, 7-90
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Canal creek section 1 
NW.SE, Sec. 17, T31N, R19W
U n it  6: In te rb ed d ed  r ip p leb ed d ed  sa n d s to n e  a n d  lam in a te d  s h a le . S a n d  s iz e  
6 a v e ra g e s  2 5 0  tu n . V ery  ca lca reo u s.
O m - 1
5  U n i t  5 :  In te rb ed d ed  r ip p leb ed d ed  s a n d s to n e  a n d  lam in a te d  sb a le . S a n d  s iz e  
av e ra g e s  10 0  p m . R a re , c o a rse -g ra in ed , r ip p le d  bed s .
4  U n i t  4 :  R ip p le b e d d e d  s an d sto n e . G ra m  s iz e  a v e ra g e s  3 S 0  |tm .  R a re  t ro u g h  
.crossbeds. A b u n d a n t  sh e ll h ash , in c lu d in g  Pseudopema  sh e lls .
U n i t  3 :  In te rb ed d ed  r ip p le b ed d e d  sa n d s to n e  (4 0 % ) a n d  la m in a te d  sh a le  
(6 0 % ). S an d  s ize : 2 5 0 -3 5 0  p m , 2 %  g lau co n ite . N u m e ro u s  in ta c t 
in o ce ram id s . T h in . 1-5 c m  th ic k  r ip p le b e d d e d  s a n d sto n e  b e d s  a re  
in te rb ed d ed  w ith  lam in a ted  sh a le  (c la y s to n e ) . S a n d s to n e  b e d s  d isco n tin u o u s . 
S o m e  w a v e  r ip p le d  b ed d in g  p lan e s . R a re  h o riz o n ta l b u rro w s  (Planolites 
ty p e? ) , a n d  ra re  Chondrites.
U n it  2 :  S an d y  sh a le . N o  v is ib le  lam in a tio n s . C a lc a re o u s  c e m e n t  P ro b ab ly  
b io tu rb a ted .
U n i t  1: In te rb ed d ed  sa n d sto n e  a n d  sb a le . S a n d  s iz e : 9 0  p m . S a n d s to n e  b ed s 
I  m o s tly  rip p leb ed d ed  w ith  w a v e -rip p le d  b e d d in g  p lan e s . S o m e  in te rfe ren c e  
rip p le s . S m all Planolites b u rro w s. 6 0 /4 0  s a n d  sh a le .
Measured:
G.Riley.7-90
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Canal creek section - 2 
NE, SW, Sec. 17, T31N, R19W
i
7 ]___ 14
13
1 5 m -
12
11
U n it  1 4 : In tc rb ed d ed  r ip p leb ed d ed  s a n d sto n e  a n d  lam in a te d  s b a le . S an d  
size  a v e ra g e s  15 0  p m . V ery  ca lcareo u s.
•U nit 13 : B io tu rb a ted  sa n d y  m u d sto n e .
U n it 1 2 : In te rb ed d ed  r ip p leb ed d ed  sa n d sto n e  a n d  la m in a te d  sh a le . S an d  
size  a v e ra g e s  150 p m . V ery  c a lcareous.
U n it 1 1 : B io tu rb a ted  sa n d y  m u d sto n e .
m m t •: . .•.*. .•. .•. .• *. .•1 
•. •*. •. “  •. *. “  •." *. “  ♦. “
U n it 10 : R ipp leb ed d ed  san d sto n e . G ra in  s iz e  a v e ra g e s  3 0 0  p m . A b u n d a n t 
j q  sh e ll b a sh , includ ing  Pseudopema shells .
m m m
O  C /j
O m - ^ 1----------1
U n it 9 : B io tu rb a ted  san d y  m u d sto n e .
U n it 8: R ip p leb ed d ed  san d sto n e . H eav ily  b u rro w ed . G ra in  s iz e  av e rag es  
2 5 0  p m .
U n it 7 :  B io tu rb a ted  san d y  m ud sto n e .
U n it 6: In te rb ed d ed  r ip p le b ed d e d  s a n d sto n e  a n d  lam in a te d  s h a le . S a n d  s ize ; 
25 0 -3 5 0  p m . 2 0 /8 0  sa n d /sh a le . T h in , 1-5 cm  th ic k  r ip p le b ed d e d  s a n d sto n e  
beds a re  in te rb ed d ed  w ith  lam in a ted  sh a le  (c la y s to n e ).
U n it 5 :  B io tu rba ted  san d y  m u d sto n e .
U n it 4 :  In te rb ed d ed  r ip p leb ed d ed  sa n d sto n e  a n d  lam in a te d  sh a le . S a n d  s ize ; 
2 5 0 -3 5 0  p m . 4 0 /6 0  san d /sh a le . T h in . 1-5 c m  th ic k  r ip p le b ed d e d  sa n d sto n e  
b e d s  a re  in te rb ed d ed  w ith  lam in ated  sh a le  (c la y s to n e ) . S a n d s to n e  b e d s  
^  d isco n tin u o u s. S o m e  w a v e  r ip p led  b ed d in g  p lan es .
3 U n it 3 :  M u d sto n e . B e n to n ite  an d  c o n c re tio n  b e d  a t  base.
U n it 2 :  B io tu rba ted  san d y  sb a le . C o a rsen s  u p w a rd  fro m  9 0  p m  a t  b ase  to  
125 p m  a t  top .
U n it  1 : B io tu rb a ted  san d y  sh a le . C o n cre tio n  h o r iz o n  a t  to p .
M e a s u r e d :  
G .R i le y ,  7 - 9 0
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15m -
10m -
5 m -
North San Jaun River section 3 
SE, NE, Sec. 7,T31N,R19W
U n it  1 1 : F o ss ilife ro u s  ca lca ren ite .
U n i t  1 0 : C ro ssb ed d e d  san d sto n e . A verage g ra in  size : 3 0 0  p m , 5%  
p e b b le s . A b u n d a n t sh e ll  hash , including P s e u d o p e m a  sh e lls . 2 0  c m  th ick  
tro u g h  c ro ssb e d d e d  san d sto n es . S o m e  w av e-rip p led  b edd ing  p lan es . 
In te rfe re n ce  r ip p le s.
U n i t  9 :  In te rb ed d ed  r ip p leb ed d ed  san d sto n e  a n d  lam in ated  sh a le . S and  
s iz E : 2 5 0 -3 5 0  |ixn. T h in , 1-5 c m  th ic k  r ip p le b ed d e d  s a n d sto n e  b e d s  a re  
in te rb ed d e d  w ith  lam in a te d  sh a le  (c lay sto n e). 5%  peb b les .
U n i t  8:  C ro ssb ed d ed  san d sto n e . A verage  g ra in  s ize : 3 0 0  p m , 5 %  
p eb b les . T ro u g h  c ro ssb e d d e d  sandstones.
U n i t  7 :  In te rb ed d ed  r ip p leb ed d ed  sandstone  a n d  lam inated  sh a le . S and  
siz e : 2 5 0 -3 5 0  p m . 3 0 /7 0  san d /sh a le . Thin , 1-5 c m  th ick  r ip p leb ed d ed  
s a n d s to n e  b e d s  a re  in te rb ed d e d  w ith  lam in ated  s h a le  (c la y s to n e ). B asal 
lag  o f  p h o sp a h te  c la s ts , an d  n u m ero u s p eb b les  th ro u g h o u t
U n i t  6: B io tu rb a ted  sa n d y  m u d sto n e . S om e th in  r ip p leb ed d ed
sa n d s to n e s  n e a r  to p . C o n cre tio n  la y e r  at to p  o f  u n i t
U n i t  5 :  C o v ered  s lo p e . P ro b ab ly  b io tu rb a ted  sa n d y  m u d sto n e .
U n i t  4 :  In te rb ed d e d  s a n d s to n e  and  shale. R  ipp le  and  
h u m m o c k y -stra tifie d  s a n d sto n e  in te rbedded  w ith  lam in a ted  sh a le . 5 0 /5 0  
s a n d s b a le .  S a n d  s iz e : 125 p m . T h in , 1-5 c m  th ick  rip p leb ed d ed  
sa n d s to n e  b e d s  a re  in te rb ed d ed  w ith  lam inated  sha le .
3  U n i t  3 :  B io tu rb a ted  san d y  sh a le . S an d  size a v e ra g e s  9 0  p m .
2  U n i t  2 :  M u d sto n e . B e n to n ite  and  co n cre tio n  b ed  a t  base.
2 U n i t  1 : B io tu rb a ted  san d y  sha le .
Measured: 
G.Riley, 7-90
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J U A N A  L O P E Z  IS  P R E S E N T  2 6  
M E T E R S  B E L O W  B A S E  O F  
S E C T I O N
North San Jaun River section 4 
SE, NW, Sec. 6, T31N, R19W
7  U nit 7 :  C ro ssb ed d e d  s a n d sto n e . G ra in  s iz e  a v e ra g e s  2 5 0  u rn . 
A b u n d an t she ll b o sh , in c lu d in g  Pseudopema sh e lls . 2 0  c m  th ic k  
tro u g h  c ro ssb ed s .
U nit 6 :  B io tu rb a ted  san d y  m u d sto n e .
U n it 5 :  C ro ssb ed d e d  san d sto n e . G ra in  s iz e  av e rag es  3 5 0  p ra . 20%  
she ll h a sh , in c lu d in g  Pseudopema s h e lls . T a b u la r  tan g en tia l 
c ro ssb ed s u p  to  5 0  c m  th ick . T ro u g h  c ro ssb e d s  a t  top .
U n it 4 :  In te rb ed d e d  rip p leb ed d ed  sa n d s to n e  an d  lam in a te d  sha le . S an d  
size: 2 5 0 -3 5 0  p m . 8 0 /2 0  s a n d /sh a le . M u d s to n e  r ip -u p  c la s ts  
th ro u g h o u t T h in , 1-5 c m  th ic k  r ip p le b e d d e d  s a n d s to n e  beds a re  
in te rbedded  w ith  lam in ated  sh a le  (c la y s to n e ). S a n d s to n e  beds 
d isco n tin u o u s. S o m e  w ave  r ip p led  b ed d in g  p lanes. S h a rp  erosional 
base.
U n it 3 :  S h a le . C o n c re tio n  b ed  in  m id d le  o f  u n i t  B io tu rb a ted  beneath  
co n c re tio n  b ed  a n d  m o re  bed d ed  a n d  s a n d ie r  a b o v e  c o n c re tio n  bed.
U n it 2 :  R ip p le b e d d e d  san d sto n e  a n d  lam in a ted  sha le . S a n d  s ize  
av e rag es  100 p m . 7 0 /3 0  san d /sh a le . R ip p le d  a n d  h u m m o ck y -b ed d ed  
san d sto n es . S h a rp  base.
1 U n it 1: B io tu rb a ted  sa n d y  shale . S a n d  s iz e  a v e ra g e s  7 0  pm . 
C o n cre tio n  h o rizo n  a t  1.5 ra.
M e a s u r e d :  
G .R i le y ,  7 - 9 0
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North San Juan River section 5 
NE, NE, Sec. 31, T32N, R19W
JU A N A  L O P E Z  IS  P R E S E N T  20.5  
M E T E R S  B E L O W  B A S E  O F  
S E C T IO N
U n it  6 : C ro ssb ed d ed  san d sto n e . G ra in  s iz e  a v e ra g e s  4 0 0  p m . L0 cm  
th ick  tro u g h  c ro ssb ed s . 5 -1 0 %  sh e ll bash .
U n it  5 :  C ro ssb ed d ed  san d sto n e . G ra in  s iz e  a v e ra g e s  4 0 0  p m . 10-25  c m  
th ick  tab u la r  tan g e n tia l c ro ssb ed s.
U n it  4 :  B io tu rb a ted  m u d sto n e .
U n it 3 :  C ro ssb ed d ed  san d sto n e . G ra in  s iz e  av e rag es  4 5 0  p ra .  10-15  c m  
th ick  tab u la r  tan g e n tia l c ro ssb ed s . S o m e  g ra v e l lag s  o n  u p p e r  s e t  
b oundaries . B io tu rb a ted  su rfa c e  a t  to p  o f  u n i t
U n it  2 :  C ro ssb ed d ed  san d sto n e . G ra in  s iz e  fro m  3 5 0  - 5 0 0  p ra .  1% 
p h o sp h a te  p eb b les . 10  cm  th ic k  p la n a r  tab u la r  cro ssb ed s. R a re  w ave  
r ipp les.
U n it 1 : B io tu rb a ted  s a n d y  sh a le . S an d  s iz e  a v e ra g e s  100 p m . S m all, 
c o b b le -s iz e  c o n c re tio n s  .at .25  m.
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CO CA
J U A N A  L O P E Z  IS  
P R E S E N T  1 5  M E T E R S  
B E L O W  B A S E  O F  
S E C T I O N
North San Juan River section 6 
Sec. 20, T32N, R20W
U n it  3*. C ro ssb ed d e d  s an d sto n e . G ra in  s iz e  a v e ra g e s  5 0 0  | im . 5 -3 0  c m  
th ic k  tro u g h  c ro ssb ed s . S o m e  w av e-rip p le  b ed d in g  p lan es . 5 -1 0 %  
p eb b les  a n d  s h e ll  b ash , n u m ero u s  in o ce ram id  sh e ll  frag m en ts . M u d  
ch ip s .
U n it 2 :  C ro ssb ed d e d  sa n d sto n e . G ra in  s iz e  fro m  3 5 0 - 5 0 0  ^ m . 1%  
Lr ~ p h o s p h a te  p eb b les . 10 cm  th ic k  p la n a r  ta b u la r  c ro ssb ed s . F o rese ts  
_ s h o w  a lte rn a tin g  c o a rse  an d  f in e r  p ack ets . P h o sp h a te  p e b b le s  a n d  m ud 
1 c h ip s  a t  b ase . W av e  a t  base.
U n it 1 : B io tu rb a ted  san d y  sh a le . C la y s to n e  b e lo w  sa n d y  sha le .
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North San Juan River section 7 
NE, SW, Sec. 30, T32N, R19W
E
I
—  U n it 4 ;  C ro ssb ed d e d  san d sto n e . G ra in  s iz e  a v e ra g e s  6 0 0  p m . 2 0  cm  th ic k  tro u g h  
c ro ssb ed s. S o m e  w av e -rip p le  b ed d in g  p lan e s . 5 -1 0 %  p e b b le s  a n d  sh e ll  hash ,
4  n u m ero u s  in o ce ra m id  s h e ll  fragm ents. M u d  ch ip s .
 U n it  3 :  C ro ssb ed d e d  san d sto n e . G ra in  s iz e  a v e ra g e s  3 5 0  p m . 5  c m  th ic k  p lan a r
3  tab u la r  c ro ssb ed s . M u d  c h ip s  th ro u g h o u t
? '/1 2  U n i t 2 :  R ip p le b e d d e d  sa n d sto n e  and  la m in a te d  sh a le . S a n d  s iz e :  50 0  p m .
^  A ltern a tin g  2  c m  th ic k  r ip p le d  san d sto n e s  a n d  2 -5  c m  th ic k  lam in a te d  shale .
1 U n it 1 : In te rb ed d ed  rip p le b ed d e d  s a n d sto n e s  an d  lam in ated  sh a le . 125  p m  san d .
Measured: G.Riley, D. Nummedal, 7-89
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Tocito Sandstone 
upper sandstone 
member equivalents 
—15m
Tertiarv gravel
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"The Mounds"
W 1/2, NW 1/4,
Sec. 25 , T33.5N , R19W
U n it  4 : C ro ssb ed d e d  sandstone . G ra in  s iz e  av erag es  5 00  p m . 
T a b u lar-ta n g e n tia l a n d  tro u g h  c ro ssb e d s . S harp  b ase  ex h ib its  
so m e  tru n ca tio n . U n i t  o v e rla in  b y  T e rtia ry  gravel.
U n i t  3 : In te rb ed d e d  c ro ssb e d d e d  sa n d sto n e s  and  m u d d y  
sa n d sto n e s . G ra in  s iz e  av e rag es  300 p m . C o arsen s  u p w ard . 
U p  to  2 0 %  g lau co n ite . A ltern a tin g  tab u la r-tan g en tia l 
c ro ssb e d s  an d  m u d d y , m o re  heav ily  b u n o w e d  m u d d y  
sa n d sto n e s . P red o m in an t b u rro w  ty p e  is  Ophiomorpha.
U n it  2 : S an d y  m u d sto n e  (b ase )  to  m u d d y  s a n d sto n e  ( top ). G ra in  
s iz e  ran g e s  from  2 0 0  to  300 p m , c o a rse n s  u pw ard . 5  to  10%  
g lau c o n ite . U n it is  b io tu rb a ted  a n d  p o o r ly  exposed . B en to n ite  
a t  12 .2  m ete rs .
Juana Lopez
U n it  1: C ro ssb ed d e d  sandstone . G ra in  s iz e  av erag es  3 0 0  p m , 
slighU y c o a rse n s  u p w ard . 2 0 %  g lau c o n ite . 5 0  cm  
tab u la r- tan g en tia l c ro ssb ed  se ts . B ase s h a rp  and c o n ta in s  lag  o f  
in traclas ts . S p a rse  b u rro w s, p rim arily  Ophiomorpha. P eb b ly  
u p p e r  su rface . U n it  o v e rlies  J u a n a  L o p e z  M em ber.
Measured: G.Riley, 
D. Nummedal, 7-89
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APPENDIX B: CORE PROGRAM DATA
The following section presents data from the coring and logging program at the 
Hogback Oil Field. Three shallow cores (HOF-1, HOF-2, and HOF-3) were taken 
adjacent to vertical cliff exposures of the Tocito Sandstone (Fig. B-l). A suite of well logs 
were also taken from each core hole.
Cores were slabbed, photographed and described at Unocal Science and 
Technology Division, Brea, CA. Porosity and permeability values were determined from a 
series of one (1) inch plugs taken from two of the three cores (HOF-2, HOF-3).
306
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Chaco River
' H O F -3  — Core locations
Vertical cliffs of Tocito Sandstone
Figure B-l. Location map showing location of shallow core holes at Hogback Oil Field.
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Key to symbols
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g
•
xx
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I
R ipple stratification 
W ave-rippled bedding planes 
Trough crossbedding 
Tabular crossbedding 
Tabular-tangential crossbedding 
Tabular-tangential crossbedding 
Compound crossbedding 
Planar bedding
Hum m ocky cross stratification
Shell fragments 
Inoceramid shells 
Pseudopem a oyster shells 
Carbonate concretions 
W ood fragments
Glauconite 
Phosphate pebbles 
Bentonite
Lined cylindrical burrows, vertical-horizontal
Ophiomorpha burrows
Bioturbated
Figure B-2. Symbols used in graphic logs of Tocito Sandstone cores.
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CORES
The following section describes the three cores taken at the Hogback Oil Field.
Graphic logs of these cores are shown in Plates BI-A, BI-B and BI-C. A key to the 
symbols used in the graphic logs is shown in figure B-2. Photographs of cores are 
enclosed as Plates BO-A, BII-B and B13-C.
Units used in the following descriptions correspond to unit names shown on the 
graphic logs. Burrowing percent refers to a visual estimate of the percentage of the rock 
volume disturbed by buiTowing organisms. Cementation refers to a visual estimate of 
cementation within a given interval (low, moderate and high). Grain size is in microns.
Porosity and permeability values (data discussed later) are plotted adjacent to the lithologic 
logs of the cores. Facies designations at the end of unit descriptions refer to facies 
described in Chapter 3.
Core Descriptions 
Core HOF-1: Total Section O' to 75.8'
Unit 1: 70.2' - 75.8’
Bioturbated muddy sandstone. Grain size: 60 |im - 100 pm, averages 90 (im. Identified 
burrows are: Asterosoma, Planolites, Teichichnus, Rhizocorallium, and Terrebellina.
Lower Mancos Shale.
Unit 2A: 69.8' - 70.2'
Glauconitic bioturbated muddy sandstone. Grain size: 60 |i.m - 350 |im, 150 (im average.
Trace to a few percent glauconite. Similar to unit 1 except for addition of glauconite, coarse 
quartz grains, and slightly higher sand content. Some “floating” 1 -2  mm quartz grains.
Base picked below sharp-based horizontally laminated sandstone bed at 70.2’. Upper 
contact is admixed by burrowing. Lower sandstone member: Tocito Sandstone.
Bioturbated muddy sandstone facies.
Unit 2 B: 68.9' - 69.8’
Glauconitic interbedded sandstone and mudstone. Grain size averages 250 (im. 5 -10% 
glauconite, trace of shell fragments, phosphate pebbles, shale clasts, carbonaceous 
fragments, and pyrite rhombs. Basal contact sharp and erosional with large sandstone clast 
at base (90 |im sand in clast). Basal 4.5" is bioturbated with clay lined burrows. Burrows 
extend into underlying unit. Grades up to non-burrowed .5" thick sandstone beds separated 
by mud drapes. Patchy calcite cement. Upper contact gradational. Lower sandstone 
member: Tocito Sandstone. Crossbedded sandstone facies (bottomset deposits)
Note 2B.1
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Pebbles concentrated in toesets at 69'.
Unit 2C: 62.4'- 68.9'
Crossbedded glauconitic sandstone. Grain size: 250 |4.m -1 mm, 5 -10% glauconite, trace 
of pyrite and phosphate pebbles. Basal contact gradational, and shows decrease in 
interbedded mud drapes and increasing foreset dips upward. Single crossbed coset from 
base to 65.75'. Upper part consists of smaller crossbed sets separated by erosion surfaces 
and pebble lags. Upper contact gradational. Lower sandstone member: Tocito Sandstone. 
Crossbedded sandstone facies.
Notes:
2C.1 Top surface pebble lags 66.5', 65.7', 63.30'.
2C.2 Silty drape with burrows at 63.75'; coarser grains above drape.
Unit 3: 61.6’ - 62.4'
Pebbly, muddy, glauconitic sandstone. Unit fines up from 300 |im sandstone at base to 
200 |im muddy sandstone at top, 5-10% glauconite. Base gradational with increasing mud 
content and pebbles upward. Pebbles are intraclasts of phosphate, sandstone and 
mudstone. Cylindrical unlined burrows. Upper 3" is matrix supported conglomerate.
Upper contact probably sharp but core broken. Lower sandstone member: Tocito 
Sandstone. Burrowed sandstone facies.
Unit 4A: 61.35’ - 61.6'
Rippled sandstone and shale. Grain size: 125 - 200 |im. Rippled sandstones encased in 2 
mm thick fissile shale beds. Some coarse grained burrow fills. Upper contact gradational 
over a few inches. Upper sandstone member: Tocito Sandstone: Burrowed sandstone 
facies.
Unit 4B: 57.45' - 61.35'
Bioturbated calcareous muddy sandstone. Grain size: 250 to 300 |im. Trace glauconite. 
Identified burrows are Teichichnus, Asterosoma, Skolithos, and Planolites. Possible 
Chondrites and Rhizocorrallium burrows. Well cemented. Base sharp; top sharp and 
erosional. Upper sandstone member: Tocito Sandstone: Burrowed sandstone facies.
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Unit 5: 51.2' - 57.45’
Interbedded crossbedded sandstones and mud-drape zones. Grain size: 300 to 350 pm. 
Trace glauconite, shell fragments, and shale clasts. Crossbed sets 15 - 25" thick. Sets 
separated by mud-drape zones (1-3"  thick) composed of wispy, burrowed mud drapes. 
Upper set boundaries of crossbeds are either ripple-capped (e.g. 55.5'), or sharp and 
erosional (e.g. 53.5'). Mud drapes on foresets, especially at 55.4'. Clay clasts on foresets 
(53.2'). Reactivation surfaces overlain by mud drapes (e.g. 56.7'). Lower contact is sharp 
and erosional. Upper contact is sharp and erosional. Burrows include Asterosoma, 
Planolites, Teichichnus, and Skolithos. Upper sandstone member: Tocito Sandstone: 
Medium-scale crossbedded facies.
Notes:
5.1 Reactivation surface at 56.7' overlain by mud drape.
5.2 Ripple-capped set top at 55.5' is finer grained and better cemented than foresets.
5.3 Relatively sharp upper set boundary at 53.5' immediately overlain by mud drape.
Unit 6A: 49’ -51.2'
Interbedded crossbedded sandstones and burrowed mud-drape zones. Grain size: 300 pm. 
Trace of glauconite and shale clasts. Base sharp and erosional with abundant clay clasts at 
base. Crossbed sets 5 - 15" thick separated by burrowed mud-drape zones. Mud-drape 
zones 4 - 6" thick. Top of unit is sharp contact with .5" thick mudstone above. Upper 
sandstone member: Tocito Sandstone: Interbedded facies.
Unit 6B: 46.35’ to 49'
Crossbedded sandstone. Average grain size 300 pm. Trace of glauconite and shale clasts. 
Rare mud drapes on foresets. Some reactivation surfaces overlain by shale rip-up clasts. 
Base sharp, upper contact gradational with increasing mud and burrows upward. Upper 
sandstone member of Tocito Sandstone: Medium-scale crossbedded facies.
Note:
6B. 1 Partial eroded mud drape on foreset at 48.15' is slightly disconformable with 
underlying strata. Successive strata downlap tangentially onto mud drape.
6B.2 Herringbone cross stratification.at 48.55'.
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Unit 7: 42.75' - 46.35'
Crossbedded sandstone. Grain size: 350 pm to 1 mm, averages 500 pm. One single 
crossbed set from burrowed toesets at base to burrowed set cap at top. Both fining and 
coarsening up laminae are present as well as alternating fine and coarse laminae. Rare mud 
drapes on foresets. Set fines upward. Upper contact is sharp and overlain by mud drape. 
Upper sandstone member of Tocito Sandstone: Large-scale crossbedded facies.
Notes:
7.1 Fining up laminae at = 45.5'.
7.2 Double mud drape at 45', with thin subordinate ripple between mud drapes.
7.3 Mud drape at 43.75' shows slight relief beneath drape.
7.4 Coarsening up laminae at 43.4'.
Unit 8: 39.1 -42.75
Crossbedded sandstone. Grain size: 300 to 350 pm. Basal 7" consists of gently dipping 
sandstones 1 - 3" thick, separated by .5" thick, burrowed mud-drape zones. Rest of unit is 
single crossbed set with rare mud drapes. Laminae show both coarsening and fining 
upward textural trends. Mud drapes near base arranged in pairs. Both base and top of unit 
sharp. Pebble lag at top of set. Upper sandstone member: Tocito Sandstone: Interbedded 
facies at base (8A) overlain by large-scale crossbedded facies (8B).
Note:
8.1 Double mud drapes at 41.75' and 41'.
8.2 Backflow ripple at 40.5'.
8.3 Many coarsening up laminae at = 40.3'.
Unit 9A: 38.2- 39.1
Interbedded crossbedded sandstones and mud-drape zones. Grain size: 350 pm. Crossbed 
sets 3 to 9" thick, separated by mud-drape zones. Crossbed laminae show distinct fining up 
textures overlying sharp bases. Mud-drape zones contain thin, rippled sandstones between 
laminated mud drapes. Base sharp, with thick mud drapes at base. Upper contact sharp, 
overlain by significantly coarser sandstone bed. Upper sandstone member: Tocito 
Sandstone: Interbedded facies.
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Unit 9B: 37.2' - 38.2'
Compound crossbedded sandstones. Grain size: 300 - 450 |im, averages 400 |im. Unit 
consists of three distinct fining-up sets arranged in single coset. Sets separated by sharp, 
erosional set boundaries. Fining-up sets are = 3" thick. Basal contact sharp with thin mud 
drape at base. Upper contact sharp and overlain by thick composite mud drape. Upper 
sandstone member: Tocito Sandstone: Medium-scale crossbedded facies.
Unit 9C: 34.3' - 37.2'
Interbedded crossbedded sandstones and mud-drape zones. Grain size: 300 to 750 |im, 
average 350(1. Trace pebbles, and rare glauconite. Crossbed sets range from 10 - 15" 
thick. Laminae mostly show fining-upward textural trends. Rare mud drapes on foresets. 
Reactivation surface at 36.3' overlain by mud drape. Upper 1" is bentonitic claystone. Base 
sharp with silty burrowed mud drape at base. Upper contact sharp above claystone. Upper 
sandstone member: Tocito Sandstone: Interbedded facies.
Notes:
9C.1 Lenticular and wavy bedded toesets at 37.1'.
9C.2 Sharp contact between mud and coarse-grained, fining-up sandstone bed at 37'.
9C.3 Double mud drape at 36.9' with tangential downlap of foresets onto upper drape. 
9C.4 Reactivation surface at 36.3’ overlain by mud drape.
9C.5 Pebble lag at top of upper set at 34.3'.
Unit 9D: 31.25'- 34.3’
Interbedded crossbedded sandstones and mud-drape zones. Grain: 350 - 500 (im, average 
400 |im. Crossbed sets 5 - 15" thick and separated by mud-drape zones or sharp erosional 
surfaces. Foresets dip at low angles (<10°). Base sharp overlying thick claystone. Top of 
unit sharp and overlain by mud drape. Upper sandstone member of Tocito Sandstone: 
Interbedded facies.
Notes:
9D. 1 Possible herringbone stratification at 33.8'.
9D.2 Sharp erosional surface at 33' partially erodes through underlying mud drape and 
contains rip-up clasts.
9D.3 Rippled set cap at 32.25'.
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Unit 9E: 26.7 '-31.25'
Interbedded crossbedded sandstones and mud-drape zones. Grain size: 350 - 700 (J.m. Rare 
glauconite.. Single set from 30’ to 31’ is composed of .5" thick fining-up crossbeds that 
appear to be internally ripple laminated. Compound crossbedded coset from 28.4’ to 30' 
consists of = 7" thick fining upward crossbed sets separated by sharp set boundaries. Base 
sharp and overlain by mud drape and ripple-stratified sandstone. Upper contact sharp with 
overlying mud drape. Upper sandstone member of Tocito Sandstone: Medium-scale 
crossbedded facies.
Note:
9E.1 Basal contact irregular with significant relief and sharply overlain by mud drape.
9E.2 Pebble lag over mud drape at 31.2'.
9E.4 3 pairs of double mud drapes at 30'.
9E.5 Sharp erosional surface at 29.45' overlain by coarser grains and poorly preserved 
mud drape on back of core. Similar features at 28.9’ and 29.1’.
9E.6 27.5' shows wavy truncation surface overlain by mud drape.
9E.7 = 1" thick fining-up beds near 27'.
Unit 10A: 24.8 -26.75’
Interbedded crossbedded sandstones and burrowed to bioturbated mud-drape zones. Grain 
size: 300 to 350 fi.m. From 26' to base is thin, rippled sandstones (.5 - 2" thick) alternating 
with shale laminations. Planolites and Asterosoma burrows in mud drapes. Bioturbated, 
tightly-cemented, mud-drape zone from 25.35' - 26.15'. Upper part of unit from top to 
25.45' is crossbedded sandstone. Stratification becomes less distinct toward top of set and 
contains clay clasts and pebbles. Basal contact sharp. Thin (1") rippled bed at top overlain 
by mud drape. Upper sandstone member: Tocito Sandstone: Interbedded facies.
Unit 10B: 21.4' - 24.8’
Crossbedded sandstone. Grain size: 400 |im, numerous shell fragments and pebbles, rare 
glauconite. Basal 2" is mud-drape zone with Asterosoma burrows and thin, ripplebedded 
sandstones. Rest of unit is crossbedded sandstone containing discordant reactivation 
surfaces, more prevalent near top. Crossbeds sharply downlap onto basal mud drape. Top 
of unit gradational with increasing burrowing upward. Upper sandstone member: Tocito 
Sandstone: Pebbly sandstone facies.
Notes:
10B.1 Tidal bundle? at 22.15'.
10B.2 Mud drape over truncation surface at 21.65'.
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Unit 11: 16.9' - 21.4’
Burrowed to bioturbated shelly, calcareous sandstone. Grain size: 250 to 350 (J.m, 300 |im 
average. Basal contact admixed by burrowing. When visible, stratification consists of 2 - 
5" thick crossbedded sandstones alternating with burrowed clay-drape zones. Burrows 
include Planolites, Asterosoma and Teichichnus. Upper contact poorly defined due to poor 
core recovery. Upper sandstone member of Tocito Sandstone: Interbedded facies.
Unit 12: Surface to 16.9'
Laminated calcareous shale. Only 2' of recovery. Mulatto Tongue of the Mancos Shale
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Core HOF-2: Total Section 6' to 75'
Unit 1: 60.25' - 75'
Bioturbated muddy sandstone. Grain size: 70 to 100 pm, average 90 pm. Identified 
burrows include Asterosoma, Terrebellina, Teichichnus, Rhizocorrallium, Planolites, and 
rare Chondrites in laminated shales. Base of unit is bottom of core. Upper contact is 
gradational and picked at first occurrence of coarse grains and glauconite. Lower Mancos 
Shale.
Unit 2 52.15'- 60.25'
Bioturbated muddy sandstone. Grain size: 70 to 350 pm, averages 150 |J.m. Rare "floating" 
2 mm quartz grains Base of unit is picked at first occurrence of coarse grains and 
glauconite. Unit is similar to unit 1 except for increased grain size and addition of 
glauconite. Also contains abundant carbonaceous material and pyritized wood fragments. 
Top of unit sharp. Lower sandstone member: Tocito Sandstone. Bioturbated muddy 
sandstone facies.
Unit 3: 48 .3 '-52 .15’
Interbedded bioturbated glauconitic sandstones and shale. Grain size: 350 pm - 500 pm. 5 
-10% glauconite. Intraclasts include phosphatic pebbles, sandstone and shale clasts. 
Burrows primarily Planolites. Faint crossbeds at base and rare shale laminae. Upper 
contact sharp and probably erosional. Lower sandstone member: Tocito Sandstone. 
Bioturbated muddy sandstone facies.
Unit 4: 44 .5 '- 48.3’
Interbedded crossbedded sandstones and bioturbated muddy sandstones. Grain size: 250 - 
300 |J.m. Crossbed sets 2 - 7" thick. Mud drapes and shale clasts on foresets. Sets 
separated by thin, burrowed mud-drape zones. Bioturbated muddy sandstone from 46 to 
47.75' containing Teichichnus, Planolites, and Ophiomorpha burrows. Basal contact sharp 
and erosional, overlying basal pebble lag. Upper contact sharp and overlain by rip-up 
clasts. Upper sandstone member: Tocito Sandstone: Burrowed sandstone facies.
Note:
4.1 Erosional contact at 46.1' truncates burrows, and overlain by mud-draped toesets.
4.2 Ophiomorpha on back of core at 47.75'.
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Unit 5: 40.25' - 44.5'
Interbedded crossbedded sandstones and burrowed mud-drape zones. Grain size: 300 to 
350 pm. Crossbed sets from 5-12" thick, separated by burrowed mud-drape zones (1-5" 
thick).. Burrows in mud drapes include Planolites and Asterosoma. Base sharp and 
contains clay-clast zone. Upper contact sharp and erosional with clay-clast layer above. 
Upper sandstone member: Tocito Sandstone: In ter bedded facies.
Note:
5.1 Mud drapes on foreset at 44'. Lower drape overlies foresets and is overlain by 1" thick 
reverse-flow ripple cross-stratified sandstone. Second mud drape overlies ripple stratified 
sandstone and is overlain by clay clasts and low-angle tangential crossbeds.
Unit 6 33.25'- 40.25'
Crossbedded sandstone. Grain size: 250 pm to 1 mm, average 400 pm. Trace of 
phosphate pebbles. Pebbles increase upward. Unit is single set of crossbedded sandstone. 
Foreset laminae show both coarsening and fining upward textures. Mud drapes on 
foresets, increase toward top. Base sharp with clay-clast zone at base. Upper contact sharp 
and overlain by mud drape and coarser sandstone. Upper sandstone member: Tocito 
Sandstone: Large-scale crossbedded facies.
Note:
6.1 Double mud drapes at 39.54', 38.83’, and 38.22'.
Unit 7A: 30.65' - 33.25'
Interbedded crossbedded sandstones and laminated mud drapes. Grain size: 300 pm. 
Crossbed sets 2 - 6" thick, separated by thin mud drapes. Some mud drapes on foresets. 
Sharp contacts between crossbedded sandstones and mud drapes both above and below. 
Base of unit picked below continuous mud drape. Top of unit picked at upper continuous 
mud drape. Upper sandstone member of Tocito Sandstone: Interbedded facies.
Notes:
7A. 1 Double mud drape on foresets at 31.25'.
Unit 7B: 30.1' - 30.65'
Crossbedded sandstones with thin mud drapes. Grain size: 300 pm. 1" thick crossbedded 
sandstones separated by wispy discontinuous mud drapes. Set boundaries dip at low 
angles. Upper sandstone member: Tocito Sandstone: Interbedded facies.
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Unit 7C: 26.15' - 30.65'
Interbedded crossbedded sandstones with thin mud drapes. Grain: 300 - 350 |J.m. 
Crossbedded sets 3 - 6" thick separated by thin mud drapes. Upper sets separated by 
wavy, erosional set boundaries. Lower contact gradational. Upper contact picked below 
thick mud drape. Upper sandstone member: Tocito Sandstone: Interbedded facies.
Note:
7C.1 Double mud drapes on foresets at 29.3. Mud drapes merge downdip.
7C.2 Double mud drape at 27'.
Unit 8A: 24’ - 26.15'
Crossbedded sandstone. Grain size: 300 (im. Single set/coset of crossbedded sandstone 
from mud-draped bottomsets at base through foresets to rippled “set-cap” at top. Foresets 
show both fining and coarsening upward textural trends. Upper contact sharp with mud 
drape over irregular erosional surface. Upper sandstone member: Tocito Sandstone: 
Medium-scale crossbedded facies.
Note
8 A. 1 Counter current ripples in toesets at base of unit.
8A.2 Reactivation surface overlain by silty drape at 24.5'. Foresets tangentially downlap 
onto drape.
8A.3 Pebbles in toesets at 26'.
Unit 8B: 23' - 24’
Crossbedded sandstone. Grain size: 250 - 350 |im. Single crossbed set/coset fines up from 
350 (im at base to 250 |im at top. Disconformable reactivation surfaces overlain by coarser 
sand. Top of unit picked above thin ripple-stratified sandstone. Upper sandstone member: 
Tocito Sandstone: Medium-scale crossbedded facies.
Unit 8C:.21.5' - 23'
Crossbedded sandstone. Grain size: 350 to 500 (im. Lower part of unit is mud-drape zone 
containing ripplebedded sandstones that thicken upward. Single crossbed set from 21.5' - 
22.5'. Foreset laminae primarily show fining up textures. Crossbed set fines up and is 
overlain by flaser-bedded, ripple-stratified sandstones at top. Lower contact picked at shale 
drape overlying previous set Upper contact picked at sharp erosional surface below pebble 
lag. Upper sandstone member: Tocito Sandstone: Medium-scale crossbedded facies.
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Unit 9: 18.9’ - 21.5’
Interbedded crossbedded sandstones and mud-drape zones. Grain size: 350 pm. Crossbed 
sets from 2 - 3 "  thick separated by shale drape zones. Mud-drape zones contain 
ripplebedded sandstone beds with interspersed phosphate pebbles. Base picked at pebble 
lag over erosional surface. Upper contact is sharp with thin ripplebedded sandstones 
overlain by thick shale drape. Upper sandstone member: Tocito Sandstone: Interbedded 
facies.
Note
9.1 Shale filled "grooves" at 20.35* (back of core).
9.2 Top surface pebble lag at 20*.
9.3 Reverse flow ripples at 19.5*.
9.4 Upper contact shows clay-rich rippled “set-cap” on top of crossbed set.
Unit 10: 12.8* - 18.9*
Interbedded low-angle crossbedded sandstones and bentonitic shale-drape zones. Grain 
size: 250 - 350 (im. Crossbed sets 2 - 8" thick separated by thin .5-1"  thick shale-drape 
zones or thick 2" bentonitic shales. Bentonitic shales contain thin ripples (lenticular 
bedding). Lower contact picked at base of thick bentonite shale. Upper contact picked 
beneath thick shale unit Upper sandstone member: Tocito Sandstone: Interbedded facies. 
Note:
10.1 Wavy erosional surface at 16.4* overlain by thin mud drape.
Unit 11: 10.75* - 12.8*
Ripplebedded sandstone. Grain size: 300 pm. Thin, .25 -1" thick ripple-stratified 
sandstones separated by wavy bedding planes overlain by thin mud drapes. Scattered 
phosphate pebbles. Unit starts above thick bentonitic shale. Poor core recovery.at top of 
unit. Upper sandstone member: Tocito Sandstone: Ripplebedded facies.
Note:
11.1 Trichichnus burrow at 11.2*.
11.2 Preserved ripple form at 11.15*.
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Unit 12 8.5’ - 10.75'
Pebbly, shelly, crossbedded sandstone. Grain size averages 250 (im but many 1 mm 
grains, scattered large shell fragments and pebbles. Crossbed sets from 4 - 8" thick 
separated by thin mud drapes. Sharp erosional trough at 10.5' filled by small ripples. Low- 
angle stratification, with .5" thick fining-up laminations. Upper contact not known due to 
poor core recovery. Upper sandstone member: Tocito Sandstone: Pebbly sandstone facies.
Unit 13: 6' - 8.5’
Calcareous, ripplebedded sandstone. Grain size averages 250|i. Thin, .25 -1" thick ripple- 
stratified sandstones separated by wavy bedding planes overlain by thin mud drapes. Poor 
core recovery. Upper sandstone member: Tocito Sandstone: Ripplebedded facies.
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Core HOF-3: Total Section S '  to 112.2'
Unit 1: 107.5’ - 112.2’
Bioturbated sandstone. Grain size: 60- 100 pm, average 90 pm. Identified burrows are 
Asterosoma, Terrebellina, Chondrites, and Planolites. Some poorly-preserved, laminated 
sandstone beds, especially near top. Lower Mancos Shale.
Unit 2: 98.2' - 107.5’
Bioturbated sandstone. Grain size: 75 |nm - 2 mm. Averages 175 to 250 (im, abundant 350 
to 500 pm grains. 2 - 5 %  glauconite, abundant carbonaceous material and pyritized wood 
fragments. Burrows include Terrebellina, Asterosoma, and Teichichnus. Some laminated, 
fine-grained sandstones and shales, more prevalent near top. Base sharp and erosional? 
with large sandstone clast at base. Sandstone clast has burrows or borings? along rim. Top 
marked by 1" thick bentonitic claystone. Lower sandstone member: Tocito Sandstone. 
Bioturbated muddy sandstone facies.
Notes:
2.1 Ripples overlain by horizontally laminated sandstone.bed at 100.5'.
2.2 Coarse grains within lamination at 96.8'.
Unit 3: 97.3’ - 98.2’
Calcareous, glauconitic sandstone. Grain size: 350 pm, 2 - 5 %  glauconite. No visible 
stratification. Rare, rip-up clasts at base. Upper contact gradational. Lower sandstone 
member: Tocito Sandstone. Bioturbated sandstone facies.
Unit 4: 94.05’ - 97.3’
Bioturbated silty mudstone to muddy sandtstone. Unit coarsens up from mudstone at base 
to muddy sandstone at top. Large, .5 -1" diameter burrows. Burrows filled with coarse­
grained glauconitic sandstone. Scattered phosphate nodules increasing upward. Base 
gradational and shows increase in mud upward. Top of unit bioturbated. Lower sandstone 
member: Tocito Sandstone. Bioturbated muddy sandstone facies.
Unit 5: 92.05' - 94.05’
Burrowed to bioturbated calcareous sandstone. Grain size: 250 pm, 2 - 5%  glauconite. 
Well cemented. Phosphate clasts and pyrite at base. Some continuous mud drapes at 92.5' 
with Planolites burrows. Upper contact sharp with abrupt decrease in calcite cement and 
burrowing, and increase in average grain size. Upper sandstone member: Tocito 
Sandstone: burrowed sandstone facies.
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Unit 6: 86.9' - 92.05'
Interbedded crossbedded sandstones and burrowed to bioturbated mud-drape zones. Grain 
size: 250 - 350 pm. Crossbed sets 2 - 8"  thick. Sandstones range from 20% burrowed 
crossbed sets separated by continuous, laminated mud drapes to completely bioturbated 
muddy sandstones. Mud-drape zones become less burrowed upward. Burrows are mostly 
Planolites. Base of unit sharp and erosional with underlying bioturbated sandstones. Top 
of unit picked at top of thick mud-drape zone at 86.9'. Upper sandstone member: Tocito 
Sandstone: Interbedded facies.
Unit 7: 85.95' - 86.9'
Interbedded low-angle cross-stratified sandstones and mud-drape zones. Grain size: 250 - 
400(1. Sandstone beds 2" thick and separated by .25" thick mud-drape zones. Upper 
sandstone member: Tocito Sandstone: Interbedded facies.
Note:
7.1 Countercurrent ripple and flaser bedding at 86.85'.
Unit 8: 84.65' - 85.95'
Interbedded low-angle crossbedded sandstones and mud-drapes zones. Grain size: 300 - 
500 pm, 2 - 5 %  glauconite Sandstone beds from 1 - 5" thick, exhibit sub-horizontal 
stratification. Upper sandstone member: Tocito Sandstone: Interbedded facies.
Unit 9: 82.65’ - 84.65’
Interbedded low-angle crossbedded sandstones and mud-drape zones. Grain size: 250 |J.m. 
Crossbed sets 1 - 5" thick separated by burrowed mud-drape zones up to 5" thick. Thicker 
shale beds are dark colored and laminated. Foreset beds tangentially downlap onto mud 
drapes. Upper sandstone member: Tocito Sandstone: Interbedded facies.
Unit 10 80.45' - 82.65’
Crossbedded sandstone. Grain: 300 pm. 2% glauconite, scattered inoceramid fragments, 
rare phosphate pebbles and shale clasts. Unit consists of two distinct crossbed sets 10 - 12" 
thick separated by single thin mud drape. Foreset laminae mostly coarsen upward. 
Ophiomorpha burrow at 80.75'. Base of unit is picked at top of thick mud-drape zone. Top 
of unit sharp and overlain by discordant mud drape.Upper sandstone member: Tocito 
Sandstone: Medium-scale crossbedded facies.
Note: 10.1 Reactivation surface at 81.35'. Laminae above surface are less distinct and 
contain clay-lined burrows.
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10.2 At 80.5' is subtle reactivation surface with successive foresets tangentially 
downlapping onto reactivation surface. Foresets above reactivation surface contain thin 
discontinuous mud drapes, 1" apart.
10.3 Top of unit shows inclined mud drapes that dip in opposite direction of underlying 
foresets.
Unit 11 A: 79.4' - 80.45'
Interbedded crossbedded sandstones and mud drapes. Grain size: 300 |im. Crossbed sets 
from 1 to 2" thick. Sets separated by mud drapes, either single .25" thick drapes or 
composite 1" thick drape zones. Shales dark colored and fissile. Rare, Planolites burrows 
in shales. Base sharp and erosional. Top gradational. Upper sandstone member: Tocito 
Sandstone: Interbedded facies.
Note:
11A. 1 At 79.6' are small ripple-scale "deltas" building into trough with mud drapes on 
foresets.
11 A.2 Base of unit has mud drapes that dip in opposite direction of foresets.
Unit 11B: 76.75' - 79.4'
Interbedded low-angle crossbedded sandstones and mud drapes. Grain size: 300 |_im. 1 - 
2% glauconite. Sandstone beds from 1 - 2" thick with wavy bedding planes and containing 
low-angle inclined stratification or ripple cross stratification. Mud drapes thin and with rare 
Planolites burrows. Poor core recovery. Upper sandstone member of Tocito Sandstone: 
Interbedded facies.
Unit 11C: 74.5' - 76.75'
Interbedded crossbedded sandstone and mud drapes. Grain size: 350 - 700 |im, average 
350 (im. Crossbed sets from 2 - 10" thick, separated by discrete mud drapes or 1 - 2" thick 
mud-drape zones. Crossbed sets coarsest at base and fine upward. Laminae in crossbeds 
fine upward. Base of unit sharp and shows abrupt increase in grain size. Upper part of unit 
is 5" thick mud-drape zone. Upper sandstone member: Tocito Sandstone: Interbedded 
facies.
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Unit 11D: 68.9' - 74.5’
Interbedded low-angle crossbedded sandstones and mud drapes. Grain size: 300 Jim. 1 - 
2% glauconite. Scattered phosphate pebbles. Sandstone beds from 1 - 2" thick separated by 
wavy bedding planes. Sandstones show low-angle stratification or ripple cross 
stratification. Mud drapes as thin discrete laminae or as 1" thick mud-drape zones. Base of 
unit sharp sand on shale contact. Top of unit sharply overlain by coarse-grained 
crossbedded sandstone. Upper sandstone member: Tocito Sandstone: Interbedded facies.
Note:
11D.1 Wave ripple at 69.5.', shows smooth crested ripple form with asymmetric foresets.
11D.2 Flaser bedding at 74.5'.
Unit 12 66.25' - 68.9'
Interbedded crossbedded sandstones and mud-drape zones. Grain size: 250 |nm to 1 mm. 1 
- 2% glauconite, and rare phosphate pebbles. Crossbed sets = 15" thick and contain sharp 
reactivation surfaces. Upper part of unit is ripple cross stratified. Base of unit sharp. Top 
of unit picked at continuous mud drape at 66.25’. Upper sandstone member: Tocito 
Sandstone: Medium-scale crossbedded facies.
Note:
12.1 Tidal bundle between 66.63' and 66.8'.
12.2 Discontinuous mud drape at base overlies reactivation surface and foresets 
tangentially downlap onto drape.
12.3 Reactivation surfaces at 68.5', 67.75', and 67.8'.
Unit 13 62.95’ - 66.25'
Interbedded crossbedded and ripplebedded sandstones and mud-drape zones. Grain size:
250 - 350 |im. Crossbed sets and ripple-bedded cosets from 2 - 7 "  thick separated by 5 - 
10" thick mud-drape zones. Sandstone beds tangentially downlap onto mud-drape zones. 
Phosphate pebbles concentrated in mud-drape zones. Base of unit picked at contiuous mud 
drape at 66.25'. Top picked below mud drape at 62.95'. Overlying sands show abrupt 
color change from grey-green below to tan above. Upper sandstone member: Tocito 
Sandstone: Interbedded facies.
Note:
13.1 Possible tidal bundle at 66'.
13.2 At 63.75' foresets onlap dipping mud-drape zone.
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Unit 14A: 60' - 62.95'
Interbedded crossbedded sandstones and mud-drape zones. Grain size: 350 pm. Trace of 
glauconite, trace phosphate pebbles. Sandstone beds in sets or cosets 1 - 7" thick separated 
by 1" thick mud-drape zones. Compound crossbeds with dipping set boundaries and 1 - 2" 
thick sets. Base of unit picked above thick mud drape at 62.95'. Top picked above thick 
mud drape at 60'. Upper sandstone member: Tocito Sandstone: Interbedded facies.
Unit 14B: 56.25' - 60'
Interbedded crossbedded sandstones and mud-drape zones. Grain size: 300 pm; trace of 
glauconite. Sandstones in sets or cosets 2 - 5" thick, separated by 1 - 3" thick mud-drape 
zones. Sandstone beds tangentially downlap mud drapes at base and sharply overlain by 
mud drapes at top. Base of unit picked above thick mud drape at 60". Top picked below 
burrowed unit at 56.25'. Upper sandstone member: Tocito Sandstone: Interbedded facies. 
Notes:
14B.1 Reactivation surface overlain by discontinuous mud drape at 57.4'. Successive 
foresets tangentially downlap onto mud drape.
Unit 15: 51.5’ - 56.25'
Interbedded crossbedded sandstones and burrowed mud-drape zones. Grain size: 250 - 
300 pm. Trace of glauconite. Crossbed sets from 5 -10" thick separated by 1 -10" thick 
mud-drape zones. Crossbed sets tangentially downlap onto mud drapes. Mud drapes also 
on foresets. Some ripplebedded sandstones with thin “pin stripe” mud drapes on foresets. 
Thicker mud-drape zones more heavily burrowed. Base picked at base of burrowed muddy 
sandstone at 56.25'. Top picked above last crossbedded sandstone bed at 51.5'. Upper 
sandstone member: Tocito Sandstone: Interbedded facies.
Unit 16A: 48.2’ - 51.5'
Interbedded ripple cross-stratified sandstones and burrowed mud-drape zones. Grain size: 
200 - 250 pm. Abundant inoceramid shells.. Primarily consists of 1" thick ripple cross­
stratified and horizontally-laminated sandstones with wavy irregular bedding planes. 
Abundant mud drapes in sandstones. Base picked above crossbed set at 51.5'. Top picked 
below bioturbated unit at 48.2'. Upper sandstone member: Tocito Sandstone:
Ripplebedded facies.
Note:
16A.1 Reactivation surface at 48.35' overlain by reverse flow ripple. Asterosoma burrow 
at surface.
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Unit 16B: 44.3' - 48.2'
Burrowed to bioturbated muddy sandstone. Grain size: 150 - 200 |im. Trace inoceramid 
debris. Rare preserved ripple cross stratification and continuous mud drapes. Burrows 
primarily Planolites. One 7.5" long, continuous vertical burrow, interior of burrow highly 
reburrowed. Base gradational. Upper contact intercalated over a few inches. Upper 
sandstone member of Tocito Sandstone: Burrowed sandstone facies.
Unit 17: 5' - 44.3'
Calcareous silty shale. Laminated shale with rare mm thick rippled siltstones. Trace of 
inoceramid shells. Slightly sandier zone from 41.6 - 42.4'. Basal contact intercalated. 
Mulatto Tongue of Mancos Shale.
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Well Logs
A suite of well logs were run for each core hole courtesy of Schlumberger, 
Farmington, NM. Copies of well logs are included as Plates Bill-A, BIII-B, BIII-C, BIII- 
D, BEII-E, BIII-F, BIII-G. Logs consist of dual induction, spontaneous potential, and 
natural gamma ray spectrometry logs. A borehole compensated sonic log was taken from 
core hole HOF-2.
Core to Log Correlations
The correlations between well logs and core units are shown in figures B-3, B-4 
and B-5. These correlations were useful in determining subsurface correlations discussed 
in Chapter 2. Of particular benefit is the signature of the ES-1 and ES-2 erosion surfaces 
(corresponding to the base of the channel-fill sandstone and the upper sandstone member). 
Also, the M2 bentonite (McCubbin, 1969) is correlated to a bentonitic shale present in all 
cores.
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Porosity and Permeability
Porosity and permeability values were determined from one-inch plugs taken from 
cores HOF-1 and HOF-2. Results are shown in Table B-l. Both porosity and 
permeability values are much higher from these outcrop cores than those reported from 
subsurface Tocito cores (see Bergshohn, 1988). The primary reason for this difference 
apparently results from the effects of surface weathering. Thin sections from these cores 
indicate significant feldspar dissolution (Fig. B-6), resulting in enhanced porosities and 
permeabilities. The presence of lithified, Pliocene? San Juan River terrace graves on some 
of the outcrops would indicate a potentially long period (at least 3-5 million years) of 
surface exposure for these outcrops.
Porosity and log permeability show a linear relationship (Fig. B-7). At high 
porosity values (> 20%) permeability values level off and no permeability values higher 
than approximately 8.5 darcies are recorded.
Figure B-8 shows separate plots for each identified facies. The majority of the low 
permeability and porosity values are from the bioturbated muddy sandstone facies of the 
lower sandstone member and the burrowed sandstone and ripplebedded sandstone facies of 
the upper sandstone member. Highest porosity and permeability values are found in 
interbedded facies, large and medium-scale crossbedded facies and pebbly sandstone. Low 
values in the interbedded facies and medium-scale crossbedded facies are associated with 
mud-drapes and finer-grained intervals (bottomset deposits), whereas, high values are 
associated with foreset deposits.
Fig. B-9 shows the distribution of average porosity and permeability values for 
each facies. As expected heavily burrowed facies have the lowest porosity and 
permeability values, whereas, crossbedded facies, interbedded facies and pebbly sandstone 
have the highest values. The differences in average values between the medium and large- 
scale crossbedded facies and the interbedded facies is thought to result from the fact that 
there are volumetrically more muddy interbeds in the interbedded facies, less in the 
medium-scale crossbedded facies and least in the large-scale crossbedded facies. Foreset 
deposits in all three facies have similar high porosities and permeabilities (Fig. B-8).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T able B - l .  Perm eability and porosity values from  core p lugs, T ocito  Sandstone,
Hogback Oil Field, (samiole numbers refer to feet below surface.)
Sample Perm. 1 Perm. 2 Perm. 3 Avg. perm. Por. 1 Por. 2 Por. 3 Avg. por.
HOF2- 8.9 1442.99 2906.57 1753.56 2034.37 25.47 25.47 25.47
HOF2- 9.0 1168.27 1168.46 1072.04 1136.26 25.60 25.47 25.47 25.51
HOF2- 11.0 4162.75 4104.71 5135.84 4467.77 28.08 28.21 28.47 28.25
HOF2- 15.0 4628.51 4989.51 5517.07 5045.03 26.82 26.82 26.72 26.79
HOF2- 17.0 174.16 182.38 177.41 177.98 11.81 11.94 11.94 11.90
HOF2- 19.0 6786.21 6300.56 6224.02 6436.93 26.80 27.02 27.25 27.02
HOF2- 21.5 5239.49 4899.76 6189.99 5443.08 27.83 27.92 28.01 27.92
HOF2- 22.0 2772.33 2769.19 2396.12 2645.88 24.75 24.89 24.89 24.84
HOF2- 24.0 7351.52 8003.12 7775.12 7709.92 28.23 28.34 28.34 28.30
HOF2- 25.0 3989.25 3916.23 3715.21 3873.56 27.54 27.54 27.54 27.54
HOF2- 27.0 4580.12 4267.91 3459.71 4102.58 28.89 29.00 29.00 28.96
HOF2- 28.0 2691.55 2615.54 2404.08 2570.39 26.80 26.80 26.80 26.80
HOF2- 31.0 3981.35 3389.59 2984.85 3451.93 31.81 31.81 31.81 31.81
HOF2- 32.0 2221.74 2080.39 1960.12 2087.42 28.72 28.72 28.82 28.75
HOF2- 33.0 3979.97 4052.13 5401.24 4477.78 29.93 30.03 30.03 30.00
HOF2- 34.0 2169.22 2291.66 2355.65 2272.18 28.07 28.19 28.19 28.15
HOF2- 35.0 3039.90 3112.22 2966.74 3039.62 29.30 29.43 29.43 29.39
HOF2- 36.0 4704.66 4980.21 4465.82 4716.90 32.20 32.20 32.35 32.25
HOF2- 37.0 3001.08 3196.58 3227.83 3141.83 29.83 29.96 29.96 29.92
HOF2- 38.0 5662.25 6233.69 5261.94 5719.29 33.19 33.30 33.19 33.23
HOF2- 39.0 5475.47 4295.43 3698.67 4489.86 32.11 32.11 32.11 32.11
HOF2- 41.0 3445.84 3211.11 3027.81 3228.25 30.82 30.82 30.93 30.86
HOF2- 42.0 2370.81 2270.51 2205.95 2282.42 27.09 27.09 27.21 27.13
HOF2- 43.0 2910.76 2984.39 2911.02 2935.39 28.67 28.89 28.89 28.82
HOF2- 44.0 2292.16 2329.72 2311.79 2311.22 28.45 28.57 28.57 28.53
HOF2- 45.0 114.60 121.55 119.18 118.44 19.49 19.61 19.61 19.57
HOF2- 46.0 12.96 10.84 12.21 12.00 13.94 14.06 13.94 13.98
HOF2- 47.0 0.05 0.05 0.07 0.06 8.78 8.78 8.89 8.82
HOF2- 48.0 746.54 746.11 714.71 735.79 21.16 21.43 21.56 21.38
HOF2- 49.0 3.68 3.34 3.81 3.61 10.78 11.02 11.02 10.94
HOF2- 50.0 334.25 350.25 348.72 344.41 17.96 17.96 18.18 18.03
HOF2- 52.0 0.07 0.09 0.09 0.08 9.65 9.65 10.02 9.77
HOF2-53.0 0.02 0.02 0.02 0.02 9.95 9.86 9.86 9.89
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Table B-l. cont.
Sample Perm. 1 Perm. 2 Perm. 3 Avg. perm. Por. 1 Por. 2 Por. 3 Avg. por.
HOF3- 44.7 0.01 0.01 0.01 0.01 6.26 6.28 6.30 6.28
HOF3- 45.4 0.01 0.01 0.01 0.01 7.27 720 7.06 7.18
H O B-46.5 0.17 0.15 0.16 0.16 10.90 11.06 11.06 11.01
H O B-47.6" 0.37 0.34 0.32 034 10.32 10.32 1032 10.32
H O B-49.3 53.97 46.24 39.08 46.43 8.76 9.02 9.06 8.95
HOB- 51.4 244.89 24852 242.82 245.41 17.93 17.93 17.93 17.93
HOB- 52.5 0.31 0.28 0.26 038 18.35 18.05 17.97 18.12
HOB- 53.4 105.27 107.63 104.61 105.84 14.13 14.26 1436 14.22
HOB- 54.5 1794.05 1746.06 1852.02 1797.38 25.52 25.52 25.69 25.58
HOB- 55.5 1548.62 1645.31 1611.15 1601.69 26.27 26.17 26.17 26.20
HOB- 56.5 1562.24 3111.61 3336.30 2670.05 27.76 27.67 27.67 27.70
HOB- 57.5 1268.40 1305.34 1289.73 1287.82 20.86 20.95 21.05 20.95
HOB- 58.5 2042.19 2136.01 2146.85 2108.35 26.10 26.10 26.10 26.10
HOB- 59.6 5585.50 5430.52 5979.75 5665.26 30.72 30.72 30.72 30.72
HOB- 60.5 8151.22 9044.36 8189.18 8461.59 31.99 31.99 31.99 31.99
HOB- 61.5 6067.78 6197.84 7044.27 6436.63 29.90 30.18 30.28 30.12
HOB- 64.5 2166.44 2247.31 2403.99 2272.58 26.22 26.31 26.31 26.28
HOB- 65.5 0.01 0.01 0.01 0.01 1.09 1.44 1.44 1.32
HOB- 66.5 3260.89 3239.49 3547.66 3349.35 16.85 16.85 16.85 16.85
HOB- 68.6 573.19 593.01 570.75 578.98 16.85 16.85 16.85 16.85
HOB- 69.2 5162.69 5102.42 5351.04 5205.38 * 31.92 31.70 31.70 31.77
HOB- 79.5 2465.33 2568.07 2707.24 2580.21 28.27 28.43 28.43 28.38
HOB- 80.5 3041.66 3007.04 3496.84 3181.85 27.67 27.95 28.09 27.90
HOB- 81.5 2369.77 2522.11 2620.16 2504.01 30.90 30.90 30.90 30.90
HOB- 82.6 7.36 7.06 7.32 7.25 11.44 11.44 11.44 11.44
HOB- 83.5 194.42 200.08 197.94 197.48 16.30 16.30 16.30 16.30
HOB- 84.7 727.06 737.36 739.30 734.57 17.79 17.79 17.79 17.79
HOB- 85.5 2506.40 2467.62 2293.98 2422.67 27.75 27.75 27.75 27.75
HOB- 86.5 3484.37 3028.46 3256.42 28.30 28.40 28.40 28.37
HOB- 87.5 5971.26 6289.01 6152.21 6137.49 30.33 30.44 30.33 30.37
HOB- 89.6 617.41 637.20 642.01 632.21 13.53 13.69 13.69 13.64
HOB- 98.5 0.01 0.02 0.01 0.01 . 7.44 7.68 7.68 7.60
H O B -101.0 0.02 0.02 0.03 0.02 9.22 9.30 9.30 9.27
H O B -104.0 0.02 0.02 0.02 0.02 7.37 7.37 7.37 7.37
H O B -107.0 0.01 0.02 0.01 0.01 7.37 7.37 7.37 7.37
H O B -110.0 0.01 0.01 0.01 0.01 8.68 8.77 8.77 8.74
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Figure B -6. H eavily  d isso lved  feldpsar grains from  shallow  cores o f  T ocito  Sandstone.
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Figure B-7. Porosity versus permeability plot for all Tocito core plugs. Data from cores HOF-2 and HOF-3.
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Figure B-8. Porosity versus permeability plots for Tocito core plugs. Each plot 
represents data from specific facies. Note vertical scale differences for each plot. Facies 
discussed in Chapter 3.
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Large-scale permeability barriers
Several tens of sections have been measured, tens of photo mosaics interpreted and 
hundreds of man-hours have been spent examining Tocito cliff faces at the Hogback Oil 
Field. These examinations have failed to identify definitive throughgoing "time lines"
(shale breaks, subregional erosion surfaces) within the upper sandstone member. 
Correlations of well logs from the shallow core holes (primarily using spectral gamma ray 
logs), however, appears to suggest the presence of several throughoing gamma-ray highs 
(Fig. B-10) that are associated with muddier and/or more heavily burrowed intervals. In 
the correlation scheme shown in figure B-10; BT is the transgressive surface at the base of 
the Tocito interval, ESI is the erosion surface at the base of the glauconitic channel-fill 
sandstone, T6 is in the muddy bioturbated sandstone with phosphatic nodules, ES2 is the 
transgressive erosion surface at the base of the upper sandstone member and T1 is the 
flooding surface at the top of the upper sandstone member/base of Mulatto Tongue. T2,
T3, T4 and T5 are all marker beds within the upper sandstone member.
This correlation scheme subdivides the upper sandstone member into 5 subunits, 
bounded above and below by shaley/burrowed marker horizons (T2, T3, T4, and T5).
Plate BIV shows the graphic logs correlated with the same scheme as defined by the well 
log correlations. Note that some of the marker horizons (T2 and T3) are associated with 
bentonitic shales. These subunits are similar to parasequences, as defined by Van Wagoner 
et al. (1990), with the individual marker horizons representing flooding surfaces.
However, unlike shoreface parasequences which contain erosional ravinement surfaces and 
consist of both purely progradational and transgressive components (Nummedal et al., 
1992), these Tocito "parasequences" show a gradual log "coarsening" and "fining", and 
probably reflect the buildup and subsequent decay of shelf sand dune fields.
These correlations suggest that the upper sandstone member consists of sandy 
packages ("parasequences") bounded by subregional shaley/burrowed intervals ("flooding 
surfaces"). The correlations shown in figure B-10 suggest a tabular sandbody geometry as 
schematically illustrated in figure B-l 1A. This geometry suggests that periods of 
"sandbody" progradation ("parasequences") were punctuated by pauses in deposition 
(allocyclic?) resulting in formation of the thin shaley/burrowed intervals (T2, T3, T4 and 
T5; "flooding surfaces"). An alternative model is shown in figure B-l IB. In this model 
progradational units operate similar to delta lobes with locations of sand dune development 
migrating through time (autocyclic).
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Figure B-10. Log correlations at Hogback Oil Field. BT is the transgressive surface at the base of the Tocito interval, ES1 is 
the erosion surface at the base of the glauconitic channel-fill sandstone, T6 is in the muddy bioturbated sandstone with 
phosphatic nodules, ES2 is the transgressive erosion surface at the base of the upper sandstone member, and T1 is the flooding 
surface at the top of the upper sandstone member/base of Mulatto Tongue. T2, T3, T4 and T5 are all marker beds within the 
upper sandstone member.
339
340
A
•** V • ‘/ • • V•**. *•'■*. • * •* .•* '*Y' • • '
• \ \  .• .\V  . \ \  -■ •*  *’ •'
Y>Y;*Y * 
:  .* * . :  ♦. .* ♦ .:  ♦ .:  ■. .* *.. •. .* *. .* *. .* •. .• * .: *. .* •. .* • . :  • . :  % .• •. .*
B
■T3.5?
Figure B-l 1. Two possible sandbody geometries yielding similar correlation schemes. A) 
Growth of Tocito sandbody is punctuated by subregional pauses in sedimentation. B) 
Growth of Tocito sandbody is a result of switching depositional sites.
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Whichever model illustrated in figure B-l 1 is applicable to the upper sandstone 
member it is obvious from both well log correlations and correlated graphic core logs that 
the upper sandstone member contains subtle shaley/burrowed horizons approximately 10' 
(3m) apart Since these horizons are at least in part associated with decreased 
permeabilities and porosities (especially see T3 and T5 on core HOF-3, Plate BI-C), they 
are expected to form subregional barriers to vertical migration.
Summary of controls on permeability and porosity
As shown in figure B-9 there appears to be a relationship between facies and 
reservoir quality. Using these relationships and the facies architecture developed for the 
upper sandstone in Chapter 3 (Fig. 3.44) the highest quality reservoir facies are expected to 
be near the middle (vertically) of the upper sandstone member (interbedded facies, medium- 
and large-scale crossbedded facies and pebbly sandstone). The base of the upper 
sandstone member (burrowed sandstone) and the top (ripplebedded facies) would be of 
lesser reservoir quality. The phosphatic, muddy, bioturbated sandstone (below the upper 
sandstone member) and the Mulatto Tongue (above the upper sandstone member) are non- 
reservoir facies. These relationships are also suggested by the vertical distribution of 
porosities and permeabilities shown in HOF-2 and HOF-3 (Plates BI-B and BI-C).
At the next scale down the shaley/burrowed horizons shown in figure B-10 would 
provide barriers to vertical flow and are expected to at least subdivide the upper sandstone 
member into vertically isolated flow units. These flow units are approximately 10' (3m) 
thick. At the next smaller scale the numerous shale drapes illustrated throughout Chapter 2 
(Figs. 3.29, 3.30, 3.31, 3.51 and 3.52) provide numerous barriers to fluid migration.
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FILE 5
INPUT FILE(S) 
2
03-APR-1990 17: 13
DATA ACQUIRED 
03-APR-1990 16: 41
REPEAT SECTION
CGRJGAPI}
0.0
SGR(GAPI)
150.00
0.0 150.00
TURA
.01000 100.00
TPRA
.10000 1000.0
 T H O R(PPM J____
20.000 0.0
 URA_N(PPM_)_____
10.000 0.0 
POTA
0.0
TENS(LBF )
.05000
10000 . 0.0
CGR2 -  SG R 2 THQ2 PO T2
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET SP 2. 5 FEET
W2NG 39. 5 FEET WING 39. 5 FEET
W4NG 39. 5 FEET W3NG 39. 5 FEET
ILD 9. 9 FEET W5NG 39. 5 FEET
SFL 6. 8 FEET ILM 6. 1 FEET
SGR 39. 5 FEET TENS 2. 5 FEET
PARAMETERS
PARAMETER VALUE UNIT
PP Playback Processing NORM
DO Depth Offset 0. 0 F
WMUD - Weight of Mud 9.20000 LB/G
MSEC - Medium Sonde Error Correction 7.50000 MM/ M
SBR - Side Bed Correction Factor 1.00000 OHMM
DSEC - Deep Sonde Error Correction 8.20000 MM/M
PCSL - Programmable Correction Slow Loop -120 KEV
NFO - NGT Filtering Option KALM
CBAR - Boosted Attenuated Relative Gain 1.00000
PMUD - Potassium MUD Concentration 0. 0 %
BS Bit Size 5. 62500 IN
BHS - Bore Hole Status (Open or Cased) OPEN
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CP 3 , 2 . 2 k FILE 3 03-APR-1990 16: 49
0.0
_  CGR(GAPI)__________________
150.00
SGR(GAPI)
0.0 150.00
CGR - SGR
THOR(PPM )
0.0
0.0
POTA
TENS(L0F _)_
.10000
40 .000  10000. 
_UR_AN(PPM J.
0.0
- 10.00 30.000
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET SP 2. 5 FEET
W2NG 39. 5 FEET WING 39. 5 FEET
W4NG 39. 5 FEET W3NG 39. 5 FEET
ILD 9. 9 FEET W5NG 39. 5 FEET
SFL 6. 8 FEET ILM 6. 1 FEET
SGR 39. 5 FEET TENS 2. 5 FEET
PARAMETERS
PARAMETER VALUE UNIT
WMUD - Weight of Mud 9.20000 LB/G
MSEC - Medium Sonde Error Correction 7.50000 MM/ M
SBR - Side Bed Correction Factor 1.00000 OHMM
DSEC - Deep Sonde Error Correction 8. 20000 MM/M
PCSL - Programmable Correction Slow Loop -120 KEV
NFO - NGT Filtering Option KALM
CBAR - Boosted Attenuated Relative Gain 1.00000
PMUD - Potassium MUD Concentration 0. 0 %
BS Bit Size 5. 62500 IN
BHS - Bore Hole Status (Open or Cased) OPEN
POTA
0.0 .10000
____ CGR(GAPI)_____ THORtPPM ) TENS(LBF )
0.0 150.00 0.0 40.000 10000. 0.0
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CP 32 . 2A FILE 2 03 -A P R -1990  16: 41 REPEAT SECTION
______________ CGR(GAPI)_________________
0 . 0  1 5 0  0 0
______________ SGR(GAPI)_________________
THQR(PPM )
0 0
0.0
POTA
_TENS(LBF ),
.10000
0.0 150.00
4 0  0 0 0  1 0 0 0 0 .  
_URAN(PPMJ _
00
- 10.00 30.000
CGR - SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET
W2NG 39. 5 FEET
W4NG 39. 5 FEET
ILD 9. 9 FEET
SFL 6. 8 FEET
SGR 39. 5 FEET
SP 2. 5 FEET
WING 39. 5 FEET
W3NG 39. 5 FEET
W5NG 39. 5 FEET
ILM 6. 1 FEET
TENS 2. 5 FEET
PARAMETERS
PARAMETER VALUE UNIT
WMUD - Weight of Mud 9.20000 LB/G
MSEC - Medium Sonde Error Correction 7.50000 MM/ M
SBR - Side Bed Correction Factor 1.00000 OBMM
DSEC - Deep Sonde Error Correction 8.20000 MM/ M
PCSL - Programmable Correction Slow Loop -120 KEV
NFO - NGT Filtering Option KALM
CBAR - Boosted Attenuated Relative Gain 1.00000
PMUD - Potassium MUD Concentration 0. 0 1
BS Bit Size 5. 62500 IN
BHS - Bore Hole Status (Open or Cased) OPEN
BEFORE SURVEY CALIBRATION SUMMARY 
PERFORMED: 03-APR-1990 16: 39
PROGRAM FILE: GTS (VERSION 32. 2A 89/02/25 88/11/16)
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BEFORE SURVEY CALIBRATION SUMMARY
PERFORMED: 0 3 - A P R - 1 9 9 0  1 6 :  39
PROGRAM FILE: GTS (VERSION 3 2 .  2A 8 9 / 0 2 / 2 5  8 8 / 1 1 / 1 6 )
DITD ELECTRONICS CALIBRATION SUMMARY
MEASURED CALIBRATED
ZERO PLUS ZERO PLUS UNITS
ILD . 3 0 5 1 5 .  4 0 .  0 4 9 9 .  9 MM/M
ILM . 11 4 9 7 .  2 0 .  0 5 0 0 .  4 m l M
SFL - .  2 0 5 3 6 .  0 0 .  0 5 0 0 .  0 MM/M
SONDE ERROR CORRECTION : 8 .  2 MM/ M
SONDE ERROR CORRECTION : 7 .  5 MM/M
ZERO: 0 3 - A P R -19 9 0  16 :  3 8  PLUS: 0 3 - A P R - 1 9 9 0  1 6 :  3 8  COMP: 0 3 - A P R - 1 9 9 0  1 6 :  3 8
NGTD DETECTOR CALIBRATION SUMMARY
NGTD CARTRIDGE NUMBER : 1 8 4 4
NGTD DETECTOR NUMBER : 821
NGTD CALIBRATOR NUMBER : 4 4 0
G SR -U /Y  REFERENCE ( GAPI) : 1 6 3
MEASURED
BKGD J IG CALIBRATED UNITS
SGR 3 0 1 9 2 1 6 5 GAPI
MEASURED BEFORE SURVEY
BKG J IG NORM VAL NOMINAL VAL UNITS
WING 9 7 .  3 5 8 9 .  3 4 8 8 .  9 4 9 1 .  + / -  2 8 .  0 CPS
W2NG 4 5 .  8 3 2 3 .  1 2 7 5 .  7 2 8 2 .  + / -  1 9 .  0 CPS
W3NG 1 5 .  5 5 8 .  4 4 2 .  6 4 2 .  + / -  4 . 0 CPS
W4NG 2. 8 2 6 .  9 2 4 .  0 2 3 .  + / -  2 . 5 CPS
W5NG 3. 1 4 5 .  6 4 2 .  3 4 2 .  + / -  4 . 5 CPS
PCSL - 1 2 0 KEV OFFSET
DETECTOR RESOLUTION : 1 0 .  1 %
P.M. HIGH VOLTAGE : 1 2 6 4 .  2 V
THORIUM PEAK FORM FACTOR : . 03
SHOP QUALITY WINDOWS RATIO: 1 . 7 7
QUALITY WINDOWS RATIO : 1 . 7 7
BACK: 0 3 - A P R -19 9 0  1 6 : 2 4  JIG : 0 3 - A P R - 1 9 9 0  1 6 :  2 8  COMP: 0 3 - A P R - 1 9 9 0  1 6 : 2 9
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SHOP QUALITY WINDOWS RATIO: 1 . 7 7
QUALITY WINDOWS RATIO : 1 . 7 7
BACK: 0 3 - A P R -19 9 0  1 6 : 2 4  JIG : 0 3 - A P R - 1 9 9 0  1 6 : 2 8  COMP: 0 3 - A P R - 1 9 9 0  1 6 :  29
CP 3 2 .  2A FILE 1 0 3 - A P R - 1 9 9 0  1 6 : 3 9
SHOP SUMMARY
PERFORMED: 2 1 - F E B - 1 9 9 0  0 9 :  41
PROGRAM FILE: CCSHOP ( VERSION 3 2 .  37  8 9 / 1 1 / 0 6  8 9 / 1 1 / 0 5 )
NGTD DETECTOR CALIBRATION SUMMARY
NGTD CARTRIDGE NUMBER 
NGTD DETECTOR NUMBER 
NGTD CALIBRATOR NUMBER 
G SR -U /Y  REFERENCE (G A P I)
1 8 4 4
821
4 4 0
1 6 3
MEASURED
BKGD JIG CALIBRATED UNITS
SGR 5 0 2 0 9 1 6 5 GAPI
SHOP MEASURED
BKG JIG NORM VAL NOMINAL VAL UNITS
WING 1 6 1 .  1 6 4 6 .  8 4 8 2 .  7 4 9 1 . + / - 2 8 .  0 CPS
W2NG 7 3 .  5 3 4 8 .  0 2 7 2 .  9 2 8 2 . + / - 1 9 .  0 CPS
W3NG 2 5 .  6 6 7 .  7 4 1 .  8 4 2 . + / - 4 .  0 CPS
W4NG 4 .  5 2 7 .  4 2 2 .  8 2 3 . + / - 2 .  5 CPS
W5NG 5 .  1 4 5 .  8 4 0 .  5 4 2 . + / ' - 4 .  5 CPS
PCSL - 1 2 0 KEV OFFSET
DETECTOR RESOLUTION 1 0 .  1 %
P. M. HIGH VOLTAGE 1 2 6 5 .  0 V
THORIUM PEAK FORM FACTOR 0 .  0
SHOP QUALITY WINDOWS RATIO 1. 77
AMERICIUM LOWER WINDOW 1 0 2 9 . 7 2 CPS
AMERICIUM UPPER WINDOW 1 0 2 9 . 9 8 CPS
BACK: 21 -  F E B -1 9 9 0  0 9 : 3 0  JIG : 2 1 - F E B - 1 9 9 0  0 9 : 3 4  COMP: 2 1 - F E B - 1 9 9 0  0 9 :  35
CP 3 2 .  37 FILE 0 2 1 - F E B - 1 9 9 0  0 9 :  41
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The well name, loca t ion  and  borehole  re fe re n c e  d a ta  w e re  furnished by the  cus tom er .
All In terpre ta t ions  a re  opinions b a se d  on In ferences  from e lectr ical or o th e r  m ea su re m e n ts  end w e  canno t ,  end 
do  n o t  g u a ran tee  the  a c c u ra c y  or c o r re c tn e s s  o f  a n y  In terpre ta t ions ,  and w e  shall no t ,  e x c e p t  In the c a s e  of 
g ro ss  or willful negligence on our p a r t ,  be  liable or responsib le  for  an y  lo ss ,  c o s t s ,  d a m a g e s  or e x p e n s e s  
Incurred or su s ta in ed  by an y o n e  resulting from any  In te rp re ta t ions  m ad e  b y  any o f  our o f f ice rs ,  a g e n t s  or 
em p lo y ees .  T h ese  In te rp re ta t ions  are a lso  su b je c t  t o  C lause  4  o f  our General T e rm s  and Conditions a s  s e t  out 
In our curren t  Price Schedule.
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The well nam e,  locat ion  and borehole  r e fe r e n c e  d a ta  w e re  furnished by the  custom er.
All In terpre ta t ions are opinions b a se d  on In ferences  from electr ical or o th e r  m e a su re m e n ts  end w e  can n o t ,  end 
d o  no t  g u a ran tee  the a c c u r a c y  or c o r r e c tn e s s  of an y  In terpre ta t ions ,  and w e  shall no t ,  e x c e p t  In the c a s e  of 
g ro s s  or  willful negligence on our pa r t ,  be  liable or responsib le  for  an y  lo ss ,  c o s t s ,  d a m a g e s  or e x p e n s e s  
Incurred or sus ta in ed  by anyone  resulting from an y  In terp re ta t ions  m ad e  b y  any o f  our o f f ice rs ,  e g e n t s  or 
e m p lo y e es .  T h ese  in te rp re ta t io n s  ere a lso  su b je c t  t o  Clause  4  o f  our General T erm s  and Conditions a s  s e t  out 
In our curren t  Price Schedule.
Run ho . ONE
8 e r v lo e  O rd e r  No.
Drilling Fluid Leve l
Salin ity
Rmf a  BHT IS IS
R m o 6  BHT ffl IS
L ogging S p e e d 9 0 0 .0  F/HR
EQUIPMENT DATA
Tool N um ber  1 DIC
Tool N um ber  2 DIS
Tool nlumber 3 NGTD
Tool N um ber  4
Tool N um ber  8
Tool N um ber  6
Tool N um ber  7
Tool N um ber  8
Tool N um ber  B
Tool N um ber  10
Tool N um ber  11
Tool N um ber  12
REMARK8:
TOOL STRING: DITD NGTD 
NO STANDOFFS ON D r
__________________CGR(GAPI)__________________
0.0 150.00 
SGR(GAPI)
ILDfOHMM]
0.0 100.00 
SFLA(OHMM)
m i m
0.0 150.00 
SPIMV J_
0.0 100.00
ClLDdl
-80.00 20.000 400 .00  0.0
o o
o
dmm
nC
Li­
on
o
o
dooo ooon
• o
o oooo
C\J
CV1
o
oo o oo
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CP 3 2 . 2 k  FILE 3 0 3 - A P R - 1 9 9 0  1 6 : 4 9
_______________ CGR(GAPI)__________________
0.0 150.00
_______________ SGR(GAPI)__________________
0.0
80.00
150.00
SPJMV l_
20.000
0.0 100.00
SFLA(OHMM)
0.0 100.00
CILD(MM/M)
400.00 0.0
CGR - SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2 . 5 FEET
W2NG 3 9 .  5 FEET
WANG 3 9 .  5 FEET
ILD 9 . 9 FEET
SFL 6 . 8 FEET
SGR 3 9 .  5 FEET
SP 2 .  5 FEET
WING 3 9 .  5 FEET
W3NG 3 9 .  5 FEET
W5NG 3 9 .  5 FEET
ILM 6 . 1 FEET
TENS 2 .  5 FEET
PARAMETERS
PARAMETER VALUE UNIT
WMUD -  W e ig h t  o f  Mud 9 . 2 0 0 0 0 LB/G
MSEC -  M edium  S o n d e  E r r o r  C o r r e c t i o n 7 . 5 0 0 0 0 MM/M
SBR -  S i d e  B ed  C o r r e c t i o n  F a c t o r 1 . 0 0 0 0 0 OHMM
DSEC -  D e e p  S o n d e  E r r o r  C o r r e c t i o n 8 .  2 0 0 0 0 MM/M
PCSL -  P r o g r a m m a b le  C o r r e c t i o n  S l o w  L oop - 1 2 0 KEV
NFO -  NGT F i l t e r i n g  O p t i o n KALM
CBAR -  B o o s t e d  A t t e n u a t e d  R e l a t i v e  G a i n 1 . 0 0 0 0 0
PMUD -  P o t a s s i u m  MUD C o n c e n t r a t i o n 0 .  0 %
BS -  B i t  S i z e 5 .  6 2 5 0 0 IN
BHS -  B o r e  H o l e  S t a t u s  ( O pen  o r  C a s e d ) OPEN
__________________CGR(GAPI)__________________
0.0 150.00 
SGR(GAPI)
1LD(0
.20000
ILMfO
TENS(LBF )
10000. 0.0 
HMM]_
2000.0
HMM)
0.0 150.00 
SP^MV J_
.20000 2000.0
SFLU(OHMM)
-80.00 20.000 .20000 2000.0
CO
LU
H I
O
ON
ON
CM CM
CO
LLLL
o o
a.1 a.
o
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CP 3 2 .  2A FILE 3 0 3 - A P R - 1 9 9 0  1 6 :  49
................................... TENSfLBF ...............................
10000. 0.0
_ CGR(GAPI) _____ ILD(OHMM]_
0.0
SGR(GAPI)
150.00 .20000
ILM(OHMM)
2000.0
0.0
SPJWV X
150.00 .20000
SFLU(OHMM)
2000.0
-80.00 20.000 .20000 2000.0
CGR - SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET SP 2. 5 FEET
W2NG 3 9 .  5 FEET WING 3 9 . 5 FEET
W4NG 3 9 .  5 FEET W3NG 3 9 . 5 FEET
ILD 9 . 9 FEET W5NG 3 9 . 5 FEET
SFL 6 . 8 FEET ILM 6. 1 FEET
SGR 3 9 .  5 FEET TENS 2. 5 FEET
PARAMETERS
PARAMETER VALUE UNIT
WMUD - W e ig h t  o f  Mud 9 . 2 0 0 0 0 LB/G
MSEC - M edium  S o n d e  E r r o r  C o r r e c t i o n 7 . 5 0 0 0 0 MM/M
SBR - S i d e  B ed  C o r r e c t i o n  F a c t o r 1 . 0 0 0 0 0 OHMM
DSEC - D e ep  S o n d e  E r r o r  C o r r e c t i o n 8 .  2 0 0 0 0 MM/M
PCSL - P r o g r a m m a b le  C o r r e c t i o n  S l o w  L oop - 1 2 0 KEV
NFO - NGT F i l t e r i n g  O p t i o n KALM
CBAR - B o o s t e d  A t t e n u a t e d  R e l a t i v e  G a i n 1 . 0 0 0 0 0
PMUD - P o t a s s i u m  MUD C o n c e n t r a t i o n 0 . 0 %
BS B i t  S i z e 5 .  6 2 5 0 0 IN
BHS - B o r e  H o l e  S t a t u s  ( O pen  o r  C a s e d ) OPEN
 TENS(LBF X ................................
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FILE 2 0 3 - A P R -19 9 0  1 6 :  41 REPEAT SECTION
................................... TENS(LBF ) .................................
10000 . 0.0
0.0
_CGR[GAP]J_______
SGR(GAPI)
150.00 .20000
ILD(OHMM]_
ILM(OHMM)
i
2000.0
0.0 150.00 .20000 2000.0
SP(MV j_ SFLU(OHMM)
-80.00 20.000 .20000 2000.0
CGR - SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2 .  5 FEET
W2NG 3 9 .  5 FEET
W4NG 3 9 .  5 FEET
ILD 9 .  9 FEET
SFL 6 .  8 FEET
SGR 3 9 .  5 FEET
SP 2 .  5 FEET
WING 3 9 .  5 FEET
W3NG 3 9 .  5 FEET
W5NG 3 9 .  5 FEET
ILM 6 .  1 FEET
TENS 2 .  5 FEET
PARAMETERS
PARAMETER VALUE UNIT
WMUD - W e ig h t  o f  Mud 9 . 2 0 0 0 0 LB/G
MSEC - M edium  S o n d e  E r r o r  C o r r e c t i o n 7 . 5 0 0 0 0 m l M
SBR - S i d e  B ed  C o r r e c t i o n  F a c t o r 1 . 0 0 0 0 0 OHMM
DSEC - D e e p  S o n d e  E r r o r  C o r r e c t i o n 8 . 2 0 0 0 0 m l M
PCSL - P r o g r a m m a b le  C o r r e c t i o n  S l o w  Loop - 1 2 0 KEV
NFO - NGT F i l t e r i n g  O p t i o n KALM
CBAR - B o o s t e d  A t t e n u a t e d  R e l a t i v e  G a i n 1 . 0 0 0 0 0
PMUD - P o t a s s i u m  MUD C o n c e n t r a t i o n 0 .  0 %
BS B i t  S i z e 5 . 6 2 5 0 0 IN
BHS - B o r e  H o l e  S t a t u s  ( O pen  o r  C a s e d ) OPEN
BEFORE SURVEY CALIBRATION SUMMARY
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BEFORE SURVEY CALIBRATION SUMMARY
PERFORMED: 0 3 - A P R - 1 9 9 0  16 :  39
PROGRAM FILE: GTS (VERSION 3 2 .  2A 8 9 / 0 2 / 2 5  8 8 / 1 1 / 1 6 )
DITD ELECTRONICS CALIBRATION SUMMARY
MEASURED CALIBRATED
ZERO PLUS ZERO PLUS UNITS
ILD . 3 0 5 1 5 .  4 0 .  0 4 9 9 .  9 MM/M
ILM . 11 4 9 7 .  2 0 .  0 5 0 0 .  4 MM/M
SFL - .  2 0 5 3 6 .  0 0 .  0 5 0 0 .  0 MM/ M
SONDE ERROR CORRECTION : 8 .  2 MM/M
SONDE ERROR CORRECTION : 7 .  5 MM/M
ZERO: 0 3 - A P R -1 9 9 0  16 :  3 8  PLUS: 0 3 - A P R - 1 9 9 0  16 :  3 8  COMP: 0 3 - A P R - 1 9 9 0  1 6 : 3 8
NGTD DETECTOR CALIBRATION SUMMARY
NGTD CARTRIDGE NUMBER : 1 8 4 4
NGTD DETECTOR NUMBER : 821
NGTD CALIBRATOR NUMBER : 4 4 0
G SR -U /Y  REFERENCE ( GAPI) : 1 6 3
MEASURED
BKGD J IG CALIBRATED UNITS
SGR 3 0 1 9 2 1 6 5 GAPI
MEASURED BEFORE SURVEY
BKG J IG NORM VAL NOMINAL VAL UNITS
WING 9 7 .  3 5 8 9 .  3 4 8 8 .  9 4 9 1 .  + / -  2 8 . 0 CPS
W2NG 4 5 .  8 3 2 3 .  1 2 7 5 .  7 2 8 2 .  + / -  1 9 .  0 CPS
W3NG 1 5 .  5 5 8 .  4 4 2 .  6 4 2 .  + / -  4 . 0 CPS
W4NG 2 . 8 2 6 .  9 2 4 .  0 2 3 .  + / -  2 . 5 CPS
W5NG 3 . 1 4 5 .  6 4 2 .  3 4 2 .  + / -  4 . 5 CPS
PCSL - 1 2 0  KEV OFFSET
DETECTOR RESOLUTION : 1 0 .  1 %
P.M. HIGH VOLTAGE : 1 2 6 4 .  2 V
THORIUM PEAK FORM FACTOR : . 03
SHOP QUALITY WINDOWS RATIO: 1 . 7 7
QUALITY WINDOWS RATIO : 1 . 7 7
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MEASURED BEFORE SURVEY
BKG J IG NORM VAL NOMINAL VAL UNITS
WING 9 7 .  3 5 8 9 .  3 4 8 8 .  9 4 9 1 . + / - 2 8 .  0 CPS
W2NG 4 5 .  8 3 2 3 .  1 2 7 5 .  7 2 8 2 . + / - 1 9 .  0 CPS
W3NG 1 5 .  5 5 8 .  4 4 2 .  6 4 2 . + / - 4 .  0 CPS
W4NG 2. 8 2 6 .  9 2 4 .  0 2 3 . + / - 2 .  5 CPS
W5NG 3 .  1 4 5 .  6 4 2 .  3 4 2 . + / - 4 .  5 CPS
PCSL - 1 2 0 KEV OFFSET
DETECTOR RESOLUTION : 1 0 .  1 %
P. M. HIGH VOLTAGE : 1 2 6 4 .  2 V
THORIUM PEAK FORM FACTOR : . 03
SHOP QUALITY WINDOWS RATIO: 1 .  77
QUALITY WINDOWS RATIO : 1 .  77
BACK: 0 3 - A P R -1 9 9 0  1 6 :  2 4  JIG: 0 3 - A P R - 1 9 9 0  1 6 : 2 8  COMP: 0 3 - A P R - 1 9 9 0  1 6 : 2 9  
CP 32.2k  FILE 1 0 3 - A P R -19 9 0  1 6 : 3 9
SHOP SUMMARY
PERFORMED: 1 8 -M A R -1 9 9 0  1 4 :  17
PROGRAM FILE: SHOP (VERSION 3 2 . 3 7 8 9 / 1 1 / 0 6  8 9 / 1 1 / 0 5 )
DITD ELECTRONICS CALIBRATION SUMMARY
TEST LOOP CALIBRATION 
MEASURED CALIBRATED
ZERO PLUS ZERO PLUS
ILD - 8 .  7 5 0 5 .  2 0 .  0  5 0 0 . 0
ILM - 7 . 9  4 8 9 .  0  0 .  0  5 0 0 . 0
ILD SONDE ERROR CORRECTION : 8 .  2 MM/M
ILM SONDE ERROR CORRECTION : 7 . 5  MM/M
TOOL CHECK 
CALIBRATED 
ZERO PLUS UNITS
0 .  0 4 9 9 .  9 MM/M
0 .  0  5 0 0 .  4 MM/M
( I S :  3 5 6  , IC: 3 0 0  )
CP 3 2 .  37 FILE 0 1 8-M A R -l 9 9 0  1 4 :  16
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Ths wall nam e,  loca t ion  and  borehole  re fe re n c e  d a t a  w e re  furnished by the  cus to m er .
All In te rp re ta t ions  a re  opinions b a se d  on In ferences  from electr ical or o th e r  m e a su re m e n ts  and w e  c an n o t ,  and 
d o  n o t  g u a ran tee  the  a c c u ra c y  or c o r r e c tn e s s  of an y  In terpre ta t ions ,  end w e  shall no t ,  e x c e p t  In the  c a s e  o f  
g ro s s  or willful negligence on our p a r t ,  be  liable or responsib le  fo r  any  loss ,  c o s t s ,  d a m a g e s  or e x p e n s e s  
Incurred or su s ta in ed  by  an y o n e  resulting from any  In te rp re ta t ions  m ad e  by  any o f  our o f f ice rs ,  a g e n t s  or 
e m p lo y e es .  T h es e  In te rp re ta t ions  e re  a lao  su b je c t  t o  C lause  4  o f  our General T erm s  and Conditions a s  s e t  out 
In our cu rren t  Price Schedule.
Run No. ONE
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The well nam e,  loca tion  and  borehole  re fe re n c e  d a ta  w e r e  furnished by the  cus tom er .
All In terp re ta t ions  a re  opinions b a ae d  on In ferences  from electr ical or o th e r  m e a su re m e n ts  and w e  can n o t ,  and 
d o  n o t  g u a ran tee  the  a c c u ra c y  or c o r r e c tn e s s  of an y  In terpre ta t ions ,  and w e  shall not,  e x c e p t  In the  c a s e  o f  
g ro ss  or  willful negligence on our p a r t ,  be  liable or responsib le  fo r  any lo ss ,  c o s t s ,  d a m a g e s  or e x p e n s e s  
Incurred or sus ta in ed  by an y o n e  resulting from an y  In te rp re ta t ions  m ad e  b y  any o f  our o f f ice rs ,  a g e n t s  or 
em p lo y e es .  T h ese  In terp re ta t ions  a re  a lso  su b je c t  t o  Clause  4  o f  our General T erm s and Conditions a s  s e t  out 
In our cu rren t  Price Schedule.
Run NO. 6 n e
S e r v l o e  O rd e r  No. 5 0 4 0 4 8
Drilling Fluid L eve l 0 .0  F
Salin i ty
R m f 0  BHT
R m o A  S H f
L ogging  S p e e d 1800.0 F/HR
EQUIPMENT DATA
Tool N um ber 1 DIS 1178
Tool N um ber  2 DIC 1128
f o o l  N um ber  3 NGT 1B44
Tool N um ber  4 TCC 3 7 4
Too l  N um ber  5 TCM 1220
f o o l  N um ber  6 IEM 5 0 6
Tool N um ber  7
Too l  N um ber  3
t o o l  N um ber  9
Tool N um ber  10
T o o l  N u m b er  11
Tool N um ber  12
REMARK8:
TOOL STRING: DITD-NGT-TCC 
NO STANDOFFS DUE TO HOLE SIZE
CREW: ATTAKAI & GIBBS
________________CQRJGAPI]_________________
0.0 200.00  
SGR(GAPI)
THOR(PPM \
________________ TENSfLBF 1_________________
10000. 0.0 
POTA
0.0 40.000
URANJ
0.0 .05000  
PPM)
0.0 200.00 -10.00 30.000
CGR -  SGR
CR
EW
: 
A
TT
A
K
A
I 
& 
G
IB
BS
o
o
as
a_o_
<3 m
o
m
o©
MCM ca
fer
oo
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CP 3 2 .2
100
5 " / lo o *
F IL E  11
- H -
M -
'X
T -^
IN P U T  F IL E (S )  
6
0 5 - A P R -1 9 9 0  1 4 : 41
DATA ACQUIRED 
0 5 - A P R -1 9 9 0  1 4 : 24
o.o
, CGRJQAPjJ 
SGR(GAP»
200.00
0.0 200.00
................................. THOR(PPM .i................................
_________________ TENS(LBF )__________________
10000. 0.0 
POTA
0.0
- 10.00
4 0 . 0 0 0  0 .0 .0 5 0 0 0
_U R A N JPPM J_________________________________________
3 0 .0 0 0
CGR -  SGR
SENSOR MEASURE PO IN T TO TOOL ZERO
SPAR 2 . 5 FEET
W2NG 3 9 . 5 FEET
W4NG 3 9 . 5 FEET
IL D 9 . 9 FEET
S FL 6 . 8 FEET
SGR 3 9 . 5 FEET
SP 2 . 5 FEET
WING 3 9 . 5 FEET
W3NG 3 9 . 5 FEET
W5NG 3 9 . 5 FEET
IL M 6 . 1 FEET
TENS 2 . 5 FEET
PARAMETERS
NAME VALUE U N IT NAME VALUE U N IT
PP NORM DO 0 . 0 F
WMUD 9 .2 0 0 0 0 L B /G MSEC 1 1 .9 0 0 0 MM/M
SBR 1 .0 0 0 0 0 OHMM DSEC 7 .8 0 0 0 0 MM/M
PCSL - 1 2 0 KEV NFO KALM
CBAR 1 .0 0 0 0 0 PMUD 0 . 0 %
BS 6 .2 5 0 0 0 IN BHS OPEN
r ■
o
o
o
-w
U-l
Uil
o
m
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5 " / 1 0 0 ’
CP 3 2 . 2  FILE 12
INPUT F I L E (S )
5
REPEAT SECTION
0 5 - A P R -1 9 9 0  1 4 :  42
DATA ACQUIRED 
0 5 - A P R -1 9 9 0  1 4 : 1 8
_________________ TENS(LBF ) _____________ _
10000. 0.0
_________________ CGRJGAPI]__________________ THOR(PPM \ POTA
0.0 200.00 0.0 40 .000 0.0 .05000
SGR(GAPI) URANJPPM )
0.0 200.00 -10.00 30.000
CGR -  SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2 .  5 FEET SP 2 . 5  FEET
W2NG 3 9 .  5 FEET WING 3 9 .  5 FEET
WANG 3 9 .  5 FEET W3NG 3 9 .  5 FEET
ILD 9 .  9 FEET W5NG 3 9 .  5 FEET
SFL 6 .  8  FEET ILM 6 .  1 FEET
SGR 3 9 .  5 FEET TENS 2 .  5 FEET
PARAMETERS
NAME VALUE UNIT NAME VALUE UNIT
PP NORM DO 0 .  0 F
WMUD 9 . 2 0 0 0 0 LB/G MSEC 1 1 . 9 0 0 0 MM/M
SBR 1 . 0 0 0 0 0 OHMM DSEC 7 . 8 0 0 0 0 MM/M
PCSL - 1 2 0 KEV NFO KALM
CBAR 1 . 0 0 0 0 0 PMUD 0 .  0 %
BS 6 . 2 5 0 0 0 IN BHS OPEN
o o©o
o
o
o
t too
P 4  O  
H  ON 
tD ON<y^
ON
ON
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o
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CGRJGAPJ]
0.0 200.00
SGHIGAPIl
0.0 200.00
CP 32. 2
M-t+Hi
5"/ 1 0 0 ’
INPUT FILE(S)  
6
0 5 - APR-1990 14: 41
DATA ACQUIRED 
0 5 - APR-19 9 0  14: 24
TURA THOR(PPM ) POTA
.01000 100.00 20.000 0.0 0.0 .05000
TPRA TENSILBF )
.10000 1000.0 10000. 0.0
TH02 -  P0T2
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET
W2NG 39. 5 FEET
W4NG 39. 5 FEET
ILD 9. 9 FEET
SFL 6. 8 FEET
SGR 39. 5 FEET
SP 2. 5 FEET
WING 3 9. 5 FEET
W3NG 3 9. 5 FEET
W5NG 3 9. 5 FEET
ILM 6. 1 FEET
TENS 2. 5 FEET
PARAMETERS
NAME VALUE UNIT
PP NORM
WMUD 9 . 2 0 0 0 0  LB/G
SBR 1 . 0 0 0 0 0  OHMM
NAME VALUE UNIT
DO 0 . 0  F
MSEC 1 1 .  9 0 0 0  MM/M
DSEC 7 .8 0 0 0 0  MM/M
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FILE 11
INPUT F IL E (S )  
6
0 5 - A P R -1 9 9 0  1 4 :  41
DATA ACQUIRED 
0 5 - A P R -19 9 0  1 4 :  24
o.o
. CGR(GAP!} 
SGR(GAPI)
200.00
0.0 200.00
.01000
.IU R A .
TPRA
100.00
 JHORJPPM J.........
20.000 0.0
.10000 1000.0
 URAN(PPM_)____
10.000
POTA
10000.
0.0 .05000
  TENS(LBF )__________________
 00
TH 02 POT2
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2 .  5 FEET
W2NG 3 9 .  5 FEET
W4NG 3 9 .  5 FEET
ILD 9 .  9 FEET
SFL 6 .  8 FEET
SGR 3 9 .  5 FEET
SP 2 .  5 FEET
WING 3 9 .  5 FEET
W3NG 3 9 .  5 FEET
W5NG 3 9 .  5 FEET
ILM 6 .  1 FEET
TENS 2 .  5 FEET
PARAMETERS
NAME VALUE UNIT
PP NORM
WMUD 9 . 2 0 0 0 0 LB/G
SBR 1 . 0 0 0 0 0 OHMM
PCSL - 1 2 0 KEV
CBAR 1 . 0 0 0 0 0
BS 6 . 2 5 0 0 0 IN
NAME VALUE UNIT
DO 0. 0 F
MSEC 1 1 . 9 0 0 0 MM/M
DSEC 7 . 8 0 0 0 0 MM/M
NFO KALM
PMUD 0. 0 %
BHS OPEN
. CGRJGAPI)
0.0 200.00
SGR(GAPI)
0.0 200.00
.01000
TURA
TPRA
.10000 1000.0 10000 .
 URAN(PPM_)____
10.000
POTA
05000
  JHORJPPM J..........
100.00 20.000 0.0
TH 02 -  POT2
o o©o
a.
CL
o
Q.'
.■itu-r-rrnt:-; =y
o
CM
<3 m
Q  O
oo
CNJ HCNJ
o
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'PQT A
5 ” I I 0 0
FILE 1 2
REPEAT SECTION
INPUT F I L E (S )  
5
0 5 - A P R -19 9 0  1 4 : 4 2
DATA ACQUIRED 
0 5 - A PR -1 9 9 0  14 :  1 8
o.o
0.0
CGRJGAPI] . 
SGR(GAPI)
200.00
200.00
____________ IURA_____________
.01000 100.00 
_____________________TPRA_____________________
.10000 1000.0
. .  JH Q R tP P M J____
20.000 0.0
 URAN(PPM_)____
10.000 0.0 
POTA_________
10000 .
0.0 .05000
  TENS(LBF )__________________
 00
TH 02 -  POT2
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2 .  5 FEET SP 2 . 5 FEET
W2NG 3 9 .  5 FEET WING 3 9 .  5 FEET
W4NG 3 9 .  5 FEET W3NG 3 9 .  5 FEET
ILD 9 .  9 FEET W5NG 3 9 .  5 FEET
SFL 6 .  8 FEET ILM 6 . 1 FEET
SGR 3 9 .  5 FEET TENS 2 . 5 FEET
PARAMETERS
NAME VALUE UNIT NAME VALUE UNIT
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SGR 3 9 .  5 FEET TENS 2 .  5 FEET
PARAMETERS
NAME VALUE UNIT
PP NORM
WMUD 9 . 2 0 0 0 0 LB/G
SBR 1 . 0 0 0 0 0 OHMM
PCSL - 1 2 0 KEV
CBAR 1 . 0 0 0 0 0
BS 6 . 2 5 0 0 0 IN
NAME VALUE UNIT
DO 0. 0 F
MSEC 1 1 . 9 0 0 0 MM/M
DSEC 7 . 8 0 0 0 0 MM/M
NFO KALM
PMUD 0. 0 %
BBS OPEN
BEFORE SURVEY CALIBRATION SUMMARY
PERFORMED: 0 5 - A P R - 1 9 9 0  1 4 :  01
PROGRAM FILE: GTS (VERSION 3 2 .  2 9 0 / 0 3 / 1 8  8 8 / 1 1 / 1 6 )
DITD ELECTRONICS CALIBRATION SUMMARY
MEASURED 
ZERO PLUS 
ILD - .  9 4  5 4 0 . 9
ILM - 1 .  2 3  5 2 9 . 7
SFL - 2 .  11 5 4 5 . 0
ILD SONDE ERROR CORRECTION : 
ILM SONDE ERROR CORRECTION :
CALIBRATED 
ZERO PLUS
0 . 0  5 0 0 .  0
0 .  0  5 0 0 .  0
0 .  0  5 0 0 .  0
7 .  8 MM/M 
1 1 . 9  MM/M
UNITS
MM/M
MM/M
MM/M
ZERO: 0 5 - A P R -19 9 0  1 3 :  59  PLUS: 0 5 - A P R - 1 9 9 0  1 3 :  59  COMP: 0 5 - A P R - 1 9 9 0  1 3 :  59
NGTD DETECTOR CALIBRATION SUMMARY
NGTD CARTRIDGE NUMBER 
NGTD DETECTOR NUMBER 
NGTD CALIBRATOR NUMBER 
G SR -U /Y  REFERENCE (G A P I)
1 8 4 4
821
4 4 0
1 6 3
MEASURED
BKGD J IG  CALIBRATED UNITS
SGR 26  1 8 3  1 6 5  GAPI
MEASURED BEFORE SURVEY
BKG J IG  NORM VAL NOMINAL VAL UNITS
m n r .  RA S 6 4 7 4 .  1 A Q 1 .  + / -  2 8 . 0  C P S
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NGTD CALIBRATOR NUMBER : 4 4 0
G SR -U /Y  REFERENCE (G A P I) : 1 6 3
MEASURED
BKGD J IG CALIBRATED UNITS
SGR 26 1 8 3 1 6 5 GAPI
MEASURED BEFORE SURVEY
BKG J IG NORM VAL NOMINAL VAL UNITS
WING 8 6 .  5 5 6 3 .  6 4 7 4 .  1 4 9 1 .  + / -  2 8 . 0 CPS
W2NG 3 7 .  2 3 0 7 .  0 2 6 8 .  1 2 8 2 .  + / -  1 9 . 0 CPS
W3NG 1 2 .  4 5 1 .  8 3 9 .  1 4 2 .  + / -  4 . 0 CPS
W4NG 2 .  6 2 5 .  8 2 3 .  1 2 3 .  + / -  2 . 5 CPS
W5NG 2 .  7 4 3 .  7 4 0 .  7 4 2 .  + / -  4 . 5 CPS
PCSL - 1 2 0  KEV OFFSET
DETECTOR RESOLUTION : 1 0 .  1 %
P.M. HIGH VOLTAGE : 1 2 6 3 .  0 V
THORIUM PEAK FORM FACTOR : - .  06
SHOP QUALITY WINDOWS RATIO: 1 . 7 7
QUALITY WINDOWS RATIO : 1 . 7 7
BACK: 0 5 - A P R -199 0 . JL3:.4.6 JIG : 0 5 - A P R - 1 9 9 0  1 3 :  5 0  COMP: 0 3 - A P R - 1 9 9 0  1 3 : 5 0
CP 3 2 . 2  FILE 1 0 5 - A P R - 1 9 9 0  1 4 : 0 1
SHOP SUMMARY
PERFORMED: 2 1 - F E B - 1 9 9 0  0 9 :  41
PROGRAM FILE: CCSHOP ( VERSION 3 2 .  37  8 9 / 1 1 / 0 6  8 9 / 1 1 / 0 5 )
NGTD DETECTOR CALIBRATION SUMMARY
NGTD CARTRIDGE NUMBER : 1 8 4 4
NGTD DETECTOR NUMBER : 821
NGTD CALIBRATOR NUMBER : 4 4 0
G SR -U /Y  REFERENCE (G A P I) : 1 6 3
MEASURED
BKGD JIG CALIBRATED UNITS
SGR 5 0 2 0 9 1 6 5 GAPI
SHOP MEASURED
BKG JIG NORM VAL NOM1 NAL VAL UNI TS
Wl NO 1 6 1 .  1 6 4 6 .  8 4 8 2 .  7 4 9 1 . ♦ / -  2 8 , 0 CPS
W? NO 7 9 .  6 3 4 8 .  0 2 7 2 .  9 2 8 2 . »/ 1 9 . 0 CPS
m m 2 3 .  6 6 7 .  / 4 1 . 8 4 2 . 4 . 0 CPS
m m 4 .  3 2 7 .  4 2 2 .  8 2 1 . ♦■/ 2 . 3 CPS
W3N0 5 .  1 4 3 .  8 4 0 .  3 4 2 . ♦/ 4 .  3 CPS
PCBL - 1 Z 0 KEV OFFSET
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NGTD DETECTOR CALIBRATION SUMMARY
NGTD CARTRIDGE NUMBER :
NGTD DETECTOR NUMBER :
NGTD CALIBRATOR NUMBER :
G SR -U /Y  REFERENCE (G A P I) :
MEASURED
1 8 4 4
821
4 4 0
1 6 3
BKGD JIG CALIBRATED UNITS
SGR 5 0 2 0 9 1 6 5 GAPI
SHOP MEASURED
BKG JIG NORM VAL NOMINAL VAL UNITS
Wl NG H I .  1 6 4 6 .  B 4 8 2 .  7 4 9 1 . * / -  2 8 , 0 G PS
W? NO 7 1 .  5 1 4 8 ,  0 2 7 2 ,  9 2 8 2 . • / 1 9 , 0 01*8
WING 2 5 .  6 6 7 .  / 4 1 . 8 47 . * / -  4 . 0 Cl'S
W4 NO 4 .  3 2 7 .  4 2 2 ,  8 2 1 . »/ 2 . 3 OPS
W5N0 5. 1 4 5 .  8 4 0 .  5 4 2 . »/ 4 . 5 0 PS
PCBL - 1 2 0 KEV OFFSET
DETECTOR RESOLUTION 1 0 .  1 %
P. M. HIGH VOLTAGE 1 2 6 5 .  0  V
THORIUM PEAK FORM FACTOR 0 . 0
SHOP QUALITY WINDOWS RATIO 1 .  77
AMERICIUM LOWER WINDOW 1 0 2 9 . 7 2  CPS
AMERICIUM UPPER WINDOW 1 0 2 9 .  9 8  CPS
BACK: 2 1 - F E B - 1 9 9 0  0 9 :  3 0  JIG : 2 1 - F E B - 1 9 9 0  09 :  3 4  COMP: 2 1 - F E B - 1 9 9 0  0 9 :  3 5
COMPANY
WELL
FIELD
COUNTY
L.S.U.
H.O.F. # 2
SAN JUAN STATE NEW MEXICO
8CHL. FR 68 .0  F 
SCHL. TD 106.0 F 
DRLR. TD 106.0 F 
Elev: KB
DF 
QL
Schlumberger
N A T U R A L  G A M M A  B A Y  
S P E C T R O M E T R Y  L O G
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The well nam e,  loca t ion  and borehole  r e fe re n c e  d a ta  w e re  furnished by the  cuetom er.
i
o
T1
*
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oo
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C
ar°0880 o ? U wlllfu*9 th e ||aocPureoy8 o ^ o o f r a M n a s s 'o f ° a n y f ^ ntorpro'totkfnB?" a n d ^ ^ B h a l l ' n o r e x o e p U n  the oaae  * o f
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Run n o .
S e r v lo e  O rd e r  No.
6 n e
R P l  A  r \ A O
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The well neme, loca tion  and borehole  re fe re n c e  d a t e  w e re  furnished by th e  cus tom er .
All In terp re ta t ions  ere opinions b a s e d  on In ferences  from  electr ical or o ther  m ea su re m e n ts  and w e  can n o t ,  end 
do  no t  g u a ren tee  the a c c u ra c y  or c o r r e c tn e s s  of an y  In terpre ta t ions ,  and w e  shall no t ,  e x c e p t  In the c a s e  o f  
g ro ss  or willful negligence on our p a r t ,  b e  liable or responsib le  for  any  lo ss ,  c o a t s ,  d a m a g e s  or e x p e n s e s  
Incurred or su s ta in ed  by anyone  resulting from any  In te rp re ta t ions  m ad e  by  any o f  our o f f ice rs ,  a g e n t s  or 
e m p lo y ees .  T h ese  In terp re ta t ions  a re  a lso  su b je c t  t o  Clause  4  o f  our General T erm s and Conditions a s  s e t  out 
In our cu rren t  Price Schedule.
hu n  No. 6 n e
8 e r v lo e  Order No. 5 0 4 0 4 0
Drilling Fluid L evel 0 .0  F
Salinity
Rmf 0  BHT 0 <4
Rrnc ® BHT 0 <4
L ogging S p e e d 1800.0  F/HR
EQUIPMENT DATA
T ool Number 1 DIS 1178
T ool Number 2 DIC 1128
T ool Number 3 NGT 1844
T ool Number 4 TCC 3 7 4
T ool Number 5 TCM 1220
T ool dum ber 6 IEM 5 0 5
T ool Number 7
T ool Number 8
T ool Number 9
T ool Number 10
T ool Number 11
T ool Number 12
REMARK8:
TOOL STRING: DITD-NGT-TCC 
NO STANDOFFS DUE TO HOLE SIZE
CREW: ATTAKAI & GIBBS
_________ TENSILBF 1__________________
10000. 0.0
CGRfGAPI) ILD(OHMMJ.
0 . 0 200.00 .20000 2000.0
SGRIGAPI1 ILM(OHMM)
0.0
Q P S M W  \
200.00 .20000 2000.0
CR
EW
: 
A
TT
A
K
A
I 
& 
G
IB
BS
o
e\j
■r*
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CP 32.2 FILE 9 05-APR-1990 14:31
INPUT FILE(S) DATA ACQUIRED
6 05-APR-1990 14: 24
________________ TENS(LBF )________________
10000 . 0.0
0.0
CGRJGAPI)
SGR(GAPI)
200.00 .20000
ILDtQHMMl
ILM(OHMM)
2000.0
0.0
SPJMV J
200.00 .20000
SFLU(OHMM)
2000.0
-80.00 20.000 .20000 2000.0
CGR -  SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET SP 2. 5 FEET
W2NG 39. 5 FEET WING 39. 5 FEET
W4NG 39. 5 FEET W3NG 39. 5 FEET
ILD 9. 9 FEET W5NG 39. 5 FEET
SFL 6. 8 FEET ILM 6. 1 FEET
SGR 39. 5 FEET TENS 2. 5 FEET
PARAMETERS
NAME VALUE UNIT NAME VALUE UNIT
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5"/ioO’
CP 32. 2 FILE 9
INPUT FILE(S)
6
-------------- -------- ,----------------------------- -------------------------- H ------------ i-H
05-APR-1990 14: 31
DATA ACQUIRED 
05-APR-1990 14: 24
H --------------------------------------1----------------------------------------------------------1------------- i
_________________ TENSILBF ) _____________
10000. 0.0
CGRiGAPI}
0.0 200.00 .20000 2000.0
SGR(GAPI) ILM(OHMM)
0.0 200.00 .20000 2000.0
SPJMV J SFLU(OHMM)
-80.00 20.000 .20000 2000.0
CGR -  SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET SP 2.5 FEET
W2NG 39. 5 FEET WING 39. 5 FEET
W4NG 39. 5 FEET W3NG 39. 5 FEET
ILD 9. 9 FEET W5NG 39. 5 FEET
SFL 6. 8 FEET ILM 6. 1 FEET
SGR 39. 5 FEET TENS 2. 5 FEET
PARAMETERS
NAME VALUE UNIT NAME VALUE UNIT
PP NORM DO 0. 0 F
WMUD 9.20000 LB/G MSEC 11.9000 ml M
SBR 1.00000 OHMM DSEC 7.80000 MM/M
PCSL -120 KEV NFO KALM
CBAR 1.00000 PMUD 0. 0 %
BS 6.25000 IN BUS OPEN
0 0
CGRJGAPQ
SGR(GAPI)
200.00
0.0
SPfMV )
200.00
o n  o n
________________ TENSILBF )________________
10000 . 0.0 
ILD(OHMMl________________________________ _
20000
ILM(OHMM)
2000.0
.20000
SFLU(OHMM)
2000.0
o
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CP 32.2
5"/ 100’ 
FILE 8
REPEAT SECTION
INPUT FILE(S) 
5
05-APR-1990 14: 29
DATA ACQUIRED 
05-APR-1990 14: 18
_______________ TENSILBP )______
10000. 0.0
0.0
CGRJGAPiQ
SGR(GAPI)
200.00 .20000
ILD(OHMM).
ILM(OHMM)
2000.0
0.0
SPJMV J
200.00 .20000
SFLU(OHMM)
2000.0
-80.00 20.000 .20000 2000.0
CGR -  SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET SP 2. 5 FEET
W2NG 39. 5 FEET WING 39. 5 FEET
W4NG 39. 5 FEET W3NG 39. 5 FEET
ILD 9. 9 FEET W5NG 39. 5 FEET
SFL 6. 8 FEET ILM 6. 1 FEET
SGR 39. 5 FEET TENS 2. 5 FEET
PARAMETERS
NAME VALUE UNIT NAME VALUE UNIT
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SFL 6. 8 FEET ILM 6. 1 FEET
SGR 39. 5 FEET TENS 2. 5 FEET
PARAMETERS
NAME VALUE UNIT
PP NORM
WMUD 9.20000 LB /G
SBR 1.00000 OHMM
PCSL -120 KEV
CBAR 1.00000
BS 6.25000 IN
NAME VALUE UNIT
DO 0. 0 F
MSEC 11.9000 MM/M
DSEC 7.80000 MM/M
NFO KALM
PMUD 0. 0 %
BHS OPEN
BEFORE SURVEY CALIBRATION SUMMARY
PERFORMED: 05-APR-1990 14:01
PROGRAM FILE: GTS (VERSION 32.2 90/03/18 88/11/16)
DITD ELECTRONICS CALIBRATION SUMMARY
MEASURED CALIBRATED
ZERO PLUS ZERO PLUS UNITS
ILD -. 94 540.9 0. 0 500. 0 MM/M
ILM -1. 23 529.7 0. 0 500.0 MM/M
SFL -2. 11 545. 0 0. 0 500.0 MM/M
ILD SONDE ERROR CORRECTION : 7.8 MM/M
ILM SONDE ERROR CORRECTION : 11.9 MM/M
ZERO: 05-APR-1990 13: 59 PLUS: 05-APR-1990 13: 59 COMP: 05-APR-1990 13: 59
NGTD DETECTOR CALIBRATION SUMMARY
NGTD CARTRIDGE NUMBER 
NGTD DETECTOR NUMBER 
NGTD CALIBRATOR NUMBER 
GSR-U/Y REFERENCE ( GAPI)
1844
821
440
163
MEASURED
BKGD JIG CALIBRATED UNITS
SGR 26 183 165 GAPI
MEASURED BEFORE SURVEY
BKG JIG NORM VAL NOMINAL VAL UNITS
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NGTD CALIBRATOR NUMBER 
GSR-U/Y REFERENCE (GAPI)
MEASURED
440
163
BKGD JIG CALIBRATED UNITS
SGR 26 183 165 GAPI
MEASURED BEFORE SURVEY
BKG JIG NORM VAL NOMINAL VAL UNITS
WING 86. 5 563. 6 474. 1 491. +/- 28.0 CPS
W2NG 37. 2 307. 0 268. 1 282. +/- 19.0 CPS
W3NG 12. 4 51. 8 39. 1 42. +/- 4.0 CPS
W4NG 2. 6 25. 8 23. 1 23. +/- 2.5 CPS
W5NG 2. 7 43. 7 40. 7 42. +/- 4.5 CPS
PCSL -120 KEV OFFSET
DETECTOR RESOLUTION 
P. M. HIGH VOLTAGE 
THORIUM PEAK FORM FACTOR 
SHOP QUALITY WINDOWS RATIO 
QUALITY WINDOWS RATIO
1 0 .  1  % 
1263. 0 V 
-. 06 
1. 77 
1. 77
BACK: 05-APR-1990 13: 46 JIG: 05-APR-1990 13: 50 COMP: 05-APR-1990 13: 50 
CP 32.2 FILE 1 05-APR-199 0 14:01
SHOP SUMMARY
PERFORMED: 18-MAR-1990 14: 37
PROGRAM FILE: SHOP (VERSION 32.2 88/12/01 88/11/16)
DITD ELECTRONICS CALIBRATION SUMMARY
ILD
ILM
ILD
ILM
TEST LOOP CALIBRATION 
MEASURED CALIBRATED
ZERO PLUS ZERO PLUS
-10. 2 532. 1 0. 0 500.0
-14. 9 519. 3 0.0 500.0
SONDE ERROR CORRECTION : 7.8 MM/M
SONDE ERROR CORRECTION : 11.9 MM/M
TOOL CHECK 
CALIBRATED
ZERO 
0 .  0  
0 .  0
PLUS 
496. 7 
496. 0
CP 32. 2
(IS: 1179, IC: 1129)
FILE 1 18-MAR-1990 14: 37
UNITS
MM/M
MM/M
COMPANY L.S.U. 8CHL. FR 102.0 F
8CHL. TD 108.0 F
WELL H.O.F. #2
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CP 3 2 .  2 FILE 0 5 - A P R - 1 9 9 0  14:  01
SHOP SUMMARY
PERFORMED: 1 8 -M A R -1 9 9 0  1 4 : 37
PROGRAM F IL E : SHOP (V E R S IO N  3 2 .2  8 8 /1 2 /0 1  8 8 /1 1 /1 6 )
D ITD ELECTRONICS C A LIB R A T IO N  SUMMARY
TEST LOOP C A LIB R A T IO N  
MEASURED CALIBRATED
ZERO PLUS ZERO PLUS
IL D  - 1 0 . 2  5 3 2 . 1 0 . 0 5 0 0 .0
IL M  - 1 4 .  9 5 1 9 . 3 0 . 0 5 0 0 .0
IL D  SONDE ERROR CORRECTION : 7 . 8  MM/M
IL M  SONDE ERROR CORRECTION : 1 1 .9  MM/M
TOOL CHECK 
CALIBRATED
ZERO 
0 .  0  
0 .  0
PLUS 
4 9 6 . 7 
4 9 6 . 0
UNITS
MM/M
MM/M
CP 3 2 . 2
( I S :  1 1 7 9 , IC :  1 1 2 9 )
F IL E  1 1 8 -M A R - l 9 9 0  1 4 : 37
COMPANY
WELL
FIELD
COUNTY
L.S.U.
H.O.F. # 2
SAN JUAN STATE NEW MEXICO
8CHL. FR 
8CHL. TD 
DRLR. TD 
Elev: KB
DF 
Q L
102.0 F
108.0 F
105.0 F
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The well name, location and borehole reference da ta  were furnished by the customer.
All Interpretations are opinions baaed on Inferences from electrical or other measurements end w e  cannot, end 
do not guarantee the accuracy  or correc tness  of any Interpretations, and we shall not, excep t  In the case  of 
gross or willful negligence on our part , be liable or responsible for any loss,  co s ts ,  dam ages or expenses 
Incurred or sustained by anyone resulting from any Interpretations made by any of our officers, agen ts  or 
employees. These Interpretations are alao subject to  Clause 4  of our General Terms and Conditions a s  se t  out 
In our current Price Schedule.
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The well name, location and borehole reference da ta  were furnished by the customer.
All Interpretations are opinions based on Inferences from electrical or other measurements and w e  cennot, end 
do not guarantee the accuracy or correc tness  of any Interpretations, and we shall not, excep t In the case  of 
gross or willful negligence on our part , be liable or responsible for any loss, co s ts ,  damages or expenses  
Incurred or sustained by anyone resulting from any Interpretations made by any of our officers, agen ts  or 
employees. These Interpretations are also subject to  Clause 4  of our General Terms and Conditions a s  se t  out 
In our current Price Schedule.
Run No. ONE ------------- - -------------------------------------------------------
8 e rv lo e  O rder No. 5 0 4 0 4 8
Drilling Fluid Level 0.0 F
Salinity
Rmf 0  BHT ®
R m o 0  BHT 0 '  ■ ................. .
Logging S p e e d 1800.0 F/HR
EQUIPMENT DATA
Tool Number 1 SLS 1144
Tool Number 2 SLC 437
Tool Number 3 SGC 1208
Tool Number 4 SLM 580
Tool Number 5 NLM 360
Tool dum ber 6 IEM 505
Tool Number 7
Tool Number 8
Tool Number 8
Tool Number 10
Tool Number 11
Tool Number 12
REMARK8:
TOOL STRING: SLTL-SGTE 
NO STANDOFFS DUE TO HOLE SIZE
CREW: ATTAKAI & GIBBS
................................ TENSfLBFJ...........................
10000 . 0.0 
SPHI __
GR(GAPI)
.60000
DT(US/F)
0.0
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NAME VALUE UNIT NAME VALUE UNIT
WMUD 9.20000 LB/G DWCO 512
DSIN 5 US DDEL 200 US
DTF 189.000 US/ F DTM 55.0000 US/F
CDTS 100. 000 SPFS R-H
BS 6. 25000 IN BHS OPEN
o.o
GR(GAPI)
200.00
,6 0 0 0 0
150.00
TENS(LBF X
10000 .
SPHI
DT(US/F)
0.0
0.0
5 0 .0 0 0
CP 3 2 . 2 FILE 14 05-APR-1990 15: 29
5"/ 100’
REPEAT SECTION
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SPHI
TENS
trT
1 0 0
5"1100
CP 32. 2 FILE 14 05-APR-1990 15: 23
GR(GAPI)
0.0 200.00
TENS(LBF_).
10000 .
SPHI
0.0
.60000
150.00
□T(US/F)
0.0
50.000
SENSOR MEASURE POINT TO TOOL ZERO
SRAT 5. 8 FEET AMPL 8. 2 FEET
CBFS 7. 2 FEET CBL 8. 2 FEET
TT2 8. 2 FEET TT1 7. 2 FEET
TT4 3. 4 FEET TT3 4. 4 FEET
TT 8. 2 FEET TO 8. 2 FEET
CBSL 8. 2 FEET TTSL 8. 2 FEET
TENS 3. 4 FEET GR 26. 7 FEET
NOIS 3. 4 FEET
PARAMETERS
NAME VALUE UNIT NAME VALUE UNIT
T . T M i m  f t  o n n n o
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TENS 3. 4 
NOIS 3.4
FEET
FEET
i x u  U  U i  A I '  I j J j  I
GR 26.7 FEET
PARAMETERS
NAME VALUE UNIT NAME VALUE UNIT
WMUD 9.20000 LB IG DWCO 512
DSIN 5 US DDEL 200 US
DTF 189. 000 US/F DTM 55.0000 US/ F
CDTS 100. 000 SPFS R-H
BS 6.25000 IN BHS OPEN
BEFORE SURVEY CALIBRATION SUMMARY
PERFORMED: 05-APR-1990 15: 21
PROGRAM FILE: ISN (VERSION 32. 2 90/03/05 88/11/16)
SGTE DETECTOR CALIBRATION SUMMARY
GR
MEASURED 
BKGD JIG
39 174
CALIBRATED
165
UNITS
GAPI
BACK: 05-APR-1990 15: 18 JIG: 05-APR-1990 15: 20 COMP: 05-APR-1990 15: 20 
CP 32.2 FILE 13 05-APR-1990 15: 21
COMPANY
WELL
FIELD
COUNTY
L.S.U.
H.O.F. #2
SAN JUAN STATE NEW MEXICO
8CHL. FR 100.0 F 
8GHL. TD 108.0 F 
ORLR. TD 105.0 F 
Elev: KB 
DF 
QL
h h
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The well name, location and borehole reference da ta  were furnished by the cuatomer.
All Interpretatlona are opinions baaed on Inferences from electrical or other measurements and w e  cannot, and 
do not guarantee the accuracy or correc tness  of any Interpretations, and w e shall not, excep t  In the c a se  of 
gross or willful negligence on our part , be liable or responsible for any loss, cos ts ,  damages or expenses  
Incurred or sustained by anyone resulting from any Interpretations made by any of our officers, agen ts  or 
employees. These  Interpretations are also subject to  Clause 4  of our General Terms and Conditions a s  s e t  out 
In our current Price Schedule.
Run NO. 7
NAT 
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The well name, location and borehole reference  da ta  w ere furnished by the customer.
All Interpretations are opinions based  on Inferences from electrical or other measurements and w e  cannot, end 
do not guarantee the accuracy  or correc tness  of any Interpretations, and we shall not, excep t  In the ca se  of 
gross or willful negligence on our part, be liable or responsible for any loss,  coa ts ,  damages or expenses  
Incurred or sustained by anyone resulting from any Interpretations made by any of our officers, agen ts  or 
employees. These interpretations are also subject to  Clause 4  of our General Terms and Conditions ee  se t  out 
In our current Price Schedule.
Run NO. ONE
S erv loe  O rder No. 6 0 4 0 4 8
Drilling Fluid Level 0 .0  F
Salinity
Rmf 0  BHT © ©
Rrno 0  BHT ©
Logging S p eed 1800.0 F/HR
EQUIPMENT DATA
Tool Number 1 DIS 1178
Tool Number 2 DIC 1128
Tool Number 3 NGT 1844
Tool Number 4 TCC 374
Tool Number 6 TCM 1220
fo o l  Number 8 IEM 606
Tool Number 7
Tool Number 8
Tool Number 8
Tool Number 10
Tool Number 11
Tool Number 1 2
REMARK8:
TOOL STRING: DITD NGTD TCCB 
NO STANDOFFS DUE TO HOLE SIZE
CREW: ATTAKAI & GIBBS
0.0
, CGRjGAPI]_________________
200.00
SGR(GAPI)__________________
0.0 200.00
THOR(PPM I
_______________ TENStLBF )__________________
10000. 0.0 
POTA
0 .0 40.000 0.0 .05000
_______________________________________ URANjPPM J__________________________________________
- 10.00 30.000
CGR -  SGR
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5"/’ IOC5
CP 32.2 FILE 12
INPUT FILE(S)
6
05-APR-1990 17: 38
DATA ACQUIRED 
05-APR-1990 17: 02
____ ____  TENS(LBF )__________________
10000. 0.0
_  CGRJGAPj]_________________ THOR(PPM I POTA
0.0 200.00 0.0 40 .000 0.0 .05000
SGR(GAPI) URANfPPM)
0.0 200.00 -10.00 30.000
CGR -  SGR
SENSOR MEASURE POINT TO TOOL ZERO
SPAR 2. 5 FEET SP 2. 5 FEET
W2NG 39. 5 FEET WING 39. 5 FEET
W4NG 39.5 FEET W3NG 39. 5 FEET
ILD 9. 9 FEET W5NG 39. 5 FEET
SFL 6. 8 FEET ILM 6. 1 FEET
SGR 39. 5 FEET TENS 2. 5 FEET
PARAMETERS
NAME VALUE UNIT NAME VALUE UNIT
PP RECO DO 0. 0 F
WMUD 9.20000 LB/G MSEC 11.9000 MM/M
SBR 1.00000 OHMM DSEC 7.80000 MM/M
PCSL -120 KEV NFO KALM
CBAR 1. 00000 PMUD 0. 0 %
BS 6.25000 IN BUS OPEN
_________________ TENStLBF )_____
10000. 0.0
_________________ C G R iG A Pl)__________________ THOR(PPM 1 POTA
ft ft
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IN P U T
5
F IL E (S ) DATA ACQUIRED 
0 5 - A P R -1 9 9 0  1 6 ; 55
TENS(LBF )
10000. 0.0
CGRJGAP1J THOR(PPM ) POTA
0.0 200.00 0.0 40.000 0.0 .05000
SGR(GAPI) URANfPPMJ
0.0 200.00 -10.00 30.000
CGR -  SGR
!
---------1
I
i i i
- i — i— ; —
— i_____
± F U L
: — i-------- »--------
• • ,  '  '
— : -  -
-
---------------- : — --- • " .......................... -
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CP 3 2 . 2
5 " /1 0 0 *  
F IL E  11
REPEAT SECTION
0 5 - A P R -1 9 9 0  1 7 ; 36
SENSOR MEASURE PO IN T TO TOOL ZERO
SPAR 2 . 5 FEET
W2NG 3 9 . 5 FEET
W4NG 3 9 . 5 FEET
IL D 9 . 9 FEET
SFL 6 . 8 FEET
SGR 3 9 . 5 FEET
SP 2 . 5 FEET
WING 3 9 . 5 FEET
W3NG 3 9 . 5 FEET
W5NG 3 9 . 5 FEET
IL M 6. 1 FEET
TENS 2 . 5 FEET
PARAMETERS
NAME VALUE U N IT
PP RECO
WMUD 9 .2 0 0 0 0 LB /G
SBR 1 .0 0 0 0 0 OHMM
PCSL -1 2 0 KEV
CBAR 1 . OOOOO
BS 6 .2 5 0 0 0 IN
NAME VALUE U N IT
DO 0 . 0 F
MSEC 1 1 .9 0 0 0 MM/M
DSEC 7 .8 0 0 0 0 MM/M
NFO KALM
PMUD 0 . 0 %
BHS OPEN
____ URAJN(PPM_)____
10.000 0.0
CGRJGAPI) 1 TURA THOR{PPM J POTA
17’. 1
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SBR 1 . 0 0 0 0 0 OHMM DSEC 7 .8 0 0 0 0 MM/M
PCSL -1 2 0 KEV NFO KALM
CBAR 1 . 0 0 0 0 0 PMUD 0. 0 %
BS 6 .2 5 0 0 0 IN BHS OPEN
 URAN(PPM_)_
10.000
________POTA
0.0
TURA THORJPPM )  
20.0000.0 200.00 .01000 100.00 0.0 0.0 
  TENS(LBF
.05000
SGR(GAPI) TPRA
0.0 200.00 .10000 1000.0 10000. 0.0
SGRCGR v.v TH 02
CP 3 2 . 2 F IL E 0 5 - A P R -1 9 9 0  1 7 : 381 2
IN P U T  F IL E (S ) DATA ACQUIRED 
0 5 - A P R -1 9 9 0  1 7 : 08
5 " / 1 0 0
o0-10-1
Q_
CM
Oo L i. I
ml CM
Q.1
o
o
ON
i s
o .
<3 m o  o
o
o
u.
o
©o
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CP 3 2 . 2
5 " / 1 0 0 ’ 
F IL E  12
IN P U T  F IL E (S )  
6
■4-M4*
i-r++Ui
fHK
!4%
I I I liii.
m i .;
..1--------1------ u
-!------- t------ (-
0 5 - A P R -1 9 9 0  1 7 : 38
DATA ACQUIRED 
0 5 - A P R -1 9 9 0  1 7 : 02
o.o
, CGRfGAPI] 
SGR(GAPI)
200.00
0.0 200.00
.01000
.T U R A .
TPRA
100.00
 JHORJPPM ) ..........
2 0 .0 0 0  0 .0
10000 1000.0
 URAN(PPM_) __
10 .000  0.0 
POTA
0 .0  
TENSfLBF
10000.
.05000
0.0
CGR -  SGR T H 02 POT2
SENSOR MEASURE P O IN T  TO TOOL ZERO
SPAR 2 . 5 FEET
W2NG 3 9 . 5 FEET
WANG 3 9 . 5 FEET
IL D 9 . 9 FEET
SFL 6 . 8 FEET
SGR 3 9 . 5 FEET
SP 2 . 5 FEET
WING 3 9 . 5 FEET
W3NG 3 9 . 5 FEET
W5NG 3 9 . 5 FEET
IL M 6. 1 FEET
TENS 2. 5 FEET
PARAMETERS
NAME VALUE U N IT
PP RECO
WMUD 9 .2 0 0 0 0 L B /G
SBR 1 .0 0 0 0 0 OHMM
PCSL -1 2 0 KEV
CBAR 1 .0 0 0 0 0
BS 6 .2 5 0 0 0 IN
NAME VALUE U N IT
DO 0 . 0 F
MSEC 1 1 .9 0 0 0 MM/M
DSEC 7 .8 0 0 0 0 MM/M
NFO KALM
PMUD 0 . 0 %
BHS OPEN
_____URAN(PPMJ_____
10.000 0.0
CGRJGAPI) TURA THORJPPM ) POTA
0.0 200.00 .01000 100.00 20.000 0.0 0.0 .05000
SB
R 
1.
00
00
0 
OH
MM
 
DS
EC
 
7.
80
00
0
PC
SL
 
-1
20
 
KE
V 
NF
O 
KA
LM
CB
AR
 
1.
00
00
0 
PM
UD
 
0
.0
 
BS 
6.
25
00
0 
IN 
BH
S 
O
PE
N
Q_l
111
CL
<3 m  
Q  O
M
m  m
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5 " / 1 0 0 ’ 
F IL E  11
REPEAT SECTION
IN P U T  F IL E (S )  
5
0 5 - A P R -1 9 9 0  1 7 : 36
DATA ACQUIRED 
0 5 - A P R -1 9 9 0  1 6 : 55
o.o
0.0
CGRjGAPJ) . 
SGR(GAPI)
200.00
200.00
01000
.IUR_A.
TPRA
100.00
.10000 1000.0
_  URAN(PPM )
10.000
POTA THOR(PPMJ..........
2 0 .0 0 0  0 .0  0 .0  .0 5 0 0 0
_______________ TENS(LBF )_________________
10000. 0 .0
CGR -  SGR TH 02 POT2
SENSOR MEASURE P O IN T TO TOOL ZERO
SPAR 2. 5 FEET SP 2 . 5 FEET
W2NG 3 9 . 5 FEET WING 3 9 . 5 FEET
W4NG 3 9 . 5 FEET W3NG 3 9 . 5 FEET
IL D 9 . 9 FEET W5NG 3 9 . 5 FEET
S FL 6 . 8 FEET IL M 6. 1 FEET
SGR 3 9 . 5 FEET TENS 2. 5 FEET
PARAMETERS
NAME VALUE U N IT
PP RECO
WMUD 9 .2 0 0 0 0 L B /G
C  D D  S 
u  D i \ 1 . OOOOO OHMM
PCSL - 1 2 0 KEV
CBAR 1 . 0 0 0 0 0
BS 6 .2 5 0 0 0 IN
NAME VALUE U N IT
DO 0 . 0 F
MSEC 1 1 .9 0 0 0 MM/M
DSEC / .8 0 0 0 0 MM/M
NFO KALM
PMUD 0 . 0 %
BHS OPEN
BEFORE SURVEY C A L IB R A T IO N  SUMMARY
PERFORMED: 0 5 -A P R -1 9 9 0  1 6 :4 4
PROGRAM F IL E : GTS (V E R S IO N  3 2 . 2 9 0 /0 3 /1 8  8 8 /1 1 /1 6 1
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SBR laOOOOO OHMM
P C S I/- -1 20  KEV
CBAR 1 . OOOOO 
BS 6 . 2 5 0 0 0  IN
r u i |  1-1
DSEC 7 . 8 0 0 0 0  MM/M
NFO KALM
PMUD 0 . 0 %
BHS OPEN
BEFORE SURVEY C A L IB R A T IO N  SUMMARY 
PERFORMED: 0 5 -A P R -1 9 9 0  1 6 :4 4
PROGRAM F IL E : GTS (V E R S IO N  3 2 . 2 9 0 / 0 3 / 1 8  8 8 /1 1 /1 6 )
D ITD ELECTRONICS C A L IB R A T IO N  SUMMARY
IL D
IL M
SFL
MEASURED 
ZERO PLUS 
98  5 3 9 . 4
- 1 .  23  5 2 8 .5
- 2 .  17 5 4 3 .8
CALIBRATED 
ZERO PLUS
0 . 0 5 0 0 . 0
0 . 0 5 0 0 . 0
0 . 0 5 0 0 . 0
IL D  SONDE ERROR CORRECTION 
ILM -SO N D E ERROR CORRECTION
7 . 8 MM/M 
1 1 .9  MM/M
UNITS
MM/M
MM/M
MM/M
ZERO: 0 5 - A P R -1 9 9 0  1 6 : 41 PLUS: 0 5 -A P R -1 9 9 0  1 6 : 42 COMP: 0 5 -A P R -1 9 9 0  1 6 : 42
NGTD DETECTOR C A L IB R A T IO N  SUMMARY
SGR
WING
W2NG
W3NG
W4NG
W5NG
NGTD CARTRIDGE NUMBER 
NGTD DETECTOR NUMBER 
NGTD CALIBRATOR NUMBER 
G S R -U /Y  REFERENCE ( G A P I)
18 4 4
821
4 4 0
163
MEASURED 
BKGD J IG  CALIBRATED
25 1 8 2  165
MEASURED BEFORE SURVEY 
BKG 
8 4 . 0 
3 4 . 3 
1 0 . 9 
2 . 6 
2 . 4
UNITS
GAPI
J IG NORM VAL NOMINAL VAL UNITS
5 6 0 . 1 4 7 3 . 2 4 9 1 . + / - 2 8 . 0 CPS
3 0 8 . 0 2 7 2 . 0 2 8 2 . + / - 1 9 . 0 CPS
5 1 . 8 4 0 . 7 4 2 . + / - 4 . 0 CPS
2 5 .1 2 2 . 4 2 3 . + / - 2 . 5 CPS
4 3 . 8 4 1 . 2 4 2 . + / - 4 . 5 CPS
PCSL -1 2 0 KEV OFFSET
DETECTOR RESOLUTION 
P. M. H IGH VOLTAGE
1 0 . 1 % 
1264. 2 V
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WING 
W2NG 
W3NG 
WANG 
W5NG
PCSL -1 2 0
165
MEASURED BEFORE SURVEY 
BKG 
8 4 . 0 
3 4 . 3 
1 0 . 9 
2 . 6 
2 . 4
KEV OFFSET
GAPI
J IG NORM V AL NOMINAL VAL
5 6 0 . 1 4 7 3 . 2 4 9 1 . + / - 2 8 . 0
3 0 8 . 0 2 7 2 . 0 2 8 2 . + / - 1 9 . 0
5 1 . 8 4 0 . 7 4 2 . + / - 4 . 0
2 5 . 1 2 2 . 4 2 3 . + / - 2 . 5
4 3 . 8 4 1 . 2 4 2 . + / - 4 . 5
UNITS
CPS
CPS
CPS
CPS
CPS
DETECTOR RESOLUTION 
P .M . H IGH VOLTAGE 
THORIUM PEAK FORM FACTOR 
SHOP Q U A LITY  WINDOWS R ATIO  
Q U A LITY  WINDOWS R A TIO
10 . 1  % 
1 2 6 4 . 2 V 
- .  07 
1 . 77 
1 . 74
BACK: 0 5 - A P R -1 9 9 0  1 6 : 33  J IG :  0 5 -A P R -1 9 9 0  1 6 : 38  COMP: 0 5 -A P R -1 9 9 0  1 
CP 3 2 , 2 F IL E  1 0 5 - A P R -1 9 9 0  1 6 : 43
SHOP SUMMARY 
PERFORMED: 2 1 -F E B -1 9 9 0  0 9 :4 1
PROGRAM F IL E : CCSHOP (V E R S IO N  3 2 . 37 8 9 /1 1 /0 6  8 9 /1 1 /0 5 )
NGTD DETECTOR C A LIB R A T IO N  SUMMARY
NGTD CARTRIDGE NUMBER : 18 4 4
NGTD DETECTOR NUMBER : 821
NGTD CALIBRATOR NUMBER : 4 4 0
G S R -U /Y  REFERENCE (G A P I)  : 163
MEASURED
BKGD J I G CALIBRATED UNITS
SGR 50 209 165 GAPI
SHOP MEASURED
PRO J I G NORM VAL NOMINAL VAL UNITSm NO 161 ,  ) 6 4 6 ,  a 4ft2. 7 4 9 i ,  »/ : 2 f t . 0 CPS
W2NG 7 3 . 5 34ft.  0 2 7 ? .  9 20 2 , t f -  ) 9 . 0 CPS
W3N0 25,  6 67 ,  7 41.  ft 42.  4 , 0 CPS
W4N0 4, 5 2 7, 4 • 22,  ft 23.  */ 2 , 3 CPS
W5N0 5. 1 45,  0 40 .  3 42.  + /=  4 . 3 CPS
PCSL - 1 2 0  KEV OEEBET
DETECTOR RESOLUTION i 1 0 .  1 I
6:  38
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r s u i j R f l n  r  G G D U u r i  v u k d x u h j z .  j  I o » f  i i / u o  o y / n / u D ;
NGTD DETECTOR CALIBRATION SUMMARY
NGTD CARTRIDGE NUMBER 
NGTD DETECTOR NUMBER 
NGTD CALIBRATOR NUMBER 
GSR-U/Y REFERENCE (GAPI)
MEASURED
1844
821
440
163
BKGD J I G CALIBRATED UNITS
SGR 50 209 165 GAPI
SHOP MEASURED
PEG J I G NORM VAL NOMINAL VAL UNITS
WING 161,  1 6 4 6 ,  S 402 .  7 4 9 1 ,  +/-:  2 0 . 0 C 1*0
mm 74,  5 440 ,  G 272 .  9 2H2, ♦ / -  1 9 . 0 CP0
whno 25,  6 6 / ,  1 41.  0 42.  4 , 0 CPS
mm 4. 4 27 .  4 ■22. 0 24, *1 2 , 5 CPS
W5N0 5. 1 45 .  0 40 ,  5 42,  »/ 4 , 4 CPS
PC8L - 1 2 0 REV OFFSET
DETECTOR RESOLUTION «
P. M. HIGH VOLTAGE :
THORIUM PEAK FORM FACTOR I 
SHOP QUALITY WINDOWS RATlOi 
AMERICIUM LOWER WINDOW : 
AMERICIUM UPPER WINDOW :
1 0 .  1  % 
1265. 0 V 
0 .  0  
1. 77 
1029. 72 CPS 
1029. 98 CPS
BACK: 21-FEB-1990 09:30 JIG: 21-FEB-1990 09: 34 COMP: 21-FEB-1990 09: 35 
CP 32. 37 FILE 0 21-FEB-1990 09: 41
COMPANY
WELL
FIELD
COUNTY
L.S.U.
H.O.F. # 3
SAN JUAN STATE NEW MEXICO
80HL. FR 113.0 F 
8CHL. TD 153.0 F 
DRLR. TD 150.0 F 
Elev: KB
DF 
OIL
N A T U R A L .  G A M M A  R A Y  
S P E C T R O M E T R Y  L O G
PL
A
TE
 
B
lll
-G
Schlum berger
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COMPANY L.S.U. 
WELL H.O.F. # 3
FIELD
COUNTY SAN JUAN STATE NEW MEXICO
AH SERIAL NO. SECT. TWP. RANGE
P erm an en t Datum 
Log M easu red  From  
D rifing M easu red  From
GROUND LEVEL Elev. 
GROUND LEVEL 0 .0  F 
GROUND LEVEL
a b o v e  Perm . Datum
D ate
Run No.
D epth D rlle r
D epth L ogger (SchL )
Btm. L og h ite rv a l
Top L og k ite rv a l
C asin g -D rile r
C asing-L ogger
Bit S ize
T ype  Fluid in Hole
Dens.
pH
V ise.
F M . LOSS
S o u rce  of S am p le
Rm 6  M eas. T em p.
Rmf 0  M eas. T em p.
R m c e  M eas. T em p.
S o u rce : Rmf R m c
Rm fi BHT
■i C ircu lation  E nded
L ogger on  B o ttom
Max. R ec . T em p.
Er*Jip. L oca tion
R eco rd ed  By
W itn essed  By
0 5 -APR-1990
ONE
150.0 F
153.0 F
147.0 F
0  .0 F
©
6  1 /4 '
O ther S e rv ices :
DIT
NGT
Elev.: KJB. 
D P .  
GJL.
GEL
9 .20  LB/G
3:00 4 / 4
18:00 4 / 4
82 0 6 FARMNGT0N4314
AYRES
RILEY
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The well neme, location end borehole reference data  were furnished by the customer.
All Interpretations are opinions baaed on Inferences from electrical or other measurements and w e  cannot, end 
do not guarantee the accuracy or correc tness  of any Interpretations, and we shall not, excep t  in the case  of 
gross or willful negligence on our part, be liable or responsible for any loss, costs ,  dam ages or expenses 
Incurred or sustained by anyone resulting from any Interpretations made by any of our officers, agen ts  or 
employees. These Interpretations are also subject to  Clause 4  of our General Terms and Conditions a s  se t  out 
in our current Price Schedule.
TOTHo. -------- ONE
Servloo Order No. 6 0 4 0 4 8
Drilling Fluid Level 0.0 F
dallnlty
Rmf A BHT ...........................  f t '" ' ........................... (Jf
R m o 0  BHT
Logging Speed 1800.0 F/HR
EQUIPMENT DATA
Tool Number 1 DIS 1170
Tool Number 2 DIC 1129
to o l Number & NGT 1044
Tool Number 4 TCC 374
Tool Number 6 TCM 1220
Tool Number e IEM 606
Tool Number 7
Tool Number 8
Tool Number 9
Tool Number 10
Tool Number 11
Tool Number 12
REMARK 8:
TOOL STRING: DITD NGTD TCCB 
NO STANDOFFS DUE TO HOLE SIZE
CREW: ATTAKAI & GIBBS
ILD(0
.20000
ILMIO
_________________ TENSfLBF )__________________
10000. 0.0 
HMM1
2000.0
HMM)
.20000 2000.0
SFLUfOHMM)
0.0
SGR(GAPI)
200.00
0.0 200.00
SPfMV J
CR
EW
: 
A
TT
A
K
A
I 
& 
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S
o
o
o o
ooo
o
C\J cm
©
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o o
o o
CMCM
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o o
o
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O
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CP 3 2 .2  F IL E  6 0 5 -A P R -1 9 9 0  1 7 : 02
_________________ TENStLBF )_________________
10000 . 0.0
0.0
CGRJGAPI]
SGR(GAPI)
200.00 .20000
ILD(0HMM1
ILM(OHMM)
2000.0
0.0
SP/M V )
200.00 .20000
SFLUfOHMM)
2000.0
-80.00 20.000 .20000 2000.0
CGR -  SGR
SENSOR MEASURE P O IN T TO TOOL ZERO
SPAR 2 . 5 FEET SP 2 . 5 FEET
W2NG 3 9 . 5 FEET WING 3 9 . 5 FEET
W4NG 3 9 . 5 FEET W3NG 3 9 . 5 FEET
IL D 9 . 9 FEET W5NG 3 9 . 5 FEET
S FL 6 . 8 FEET IL M 6 . 1 FEET
SGR 3 9 . 5 FEET TENS 2 . 5 FEET
PARAMETERS
NAME VALUE U N IT
WMUD 9 .2 0 0 0 0 L B /G
SBR 1 . 0 0 0 0 0 OHMM
PCSL - 1 2 0 KEV
CBAR 1 . 0 0 0 0 0
BS 6 .2 5 0 0 0 IN
NAME VALUE U N IT
MSEC 1 1 .9 0 0 0 MM/M
DSEC 7 .8 0 0 0 0 MM/M
NFO KALM
PMUD 0. 0 %
BUS OPEN
10000.
_  TENS1LBF )_______________ __
0.0
0.0
CGRiGAPI)
SGR(GAPI)
200.00 .20000
ILD(0HMM1
ILM(OHMM)
2000.0
3
3
3 S 2
o  J o u  
•  < 3  •  P h
' - W O O
J  Q
4  O  P  C/2 
/ a  f a  s  c n
3 o o
3 o o
3 o o
3 o o in
3 <N1 O !S
• •■H • •
—1 1 H
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oo
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oo
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o o
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CP 3 2 . 2
5 " / 1 0 0 ’ 
F IL E  5
REPEAT SECTION
0 5 - A P R -1 9 9 0  1 6 : 54
_______________ TENStLBF )_______________
10000 . 0.0
0.0
CGRJGAPj}
SGR(GAPI)
200.00 .20000
ILD(0HMM1
ILM(OHMM)
2000.0
0.0
SPfMV )
200.00 .20000
SFLU(OHMM)
2000.0
-80.00 20.000 .20000 2000.0
CGR -  SGR
SENSOR MEASURE P O IN T TO TOOL ZERO
SPAR 2. 5 FEET SP 2 . 5 FEET
W2NG 3 9 . 5 FEET WING 3 9 . 5 FEET
W4NG 3 9 . 5 FEET W3NG 3 9 . 5 FEET
IL D 9 . 9 FEET W5NG 3 9 . 5 FEET
SFL 6 . 8 FEET IL M 6. 1 FEET
SGR 3 9 . 5 FEET TENS 2. 5 FEET
PARAMETERS
NAME VALUE U N IT
WMUD 9 .2 0 0 0 0 L B /G
SBR 1 . 0 0 0 0 0 OHMM
PCSL -1 2 0 KEV
CBAR 1 . 0 0 0 0 0
BS 6 .2 5 0 0 0 IN
NAME VALUE U N IT
MSEC 1 1 .9 0 0 0 MM/M
DSEC 7 .8 0 0 0 0 MM/M
NFO KALM
PMUD 0. 0 %
BHS OPEN
BEFORE SURVEY C A L IB R A T IO N  SUMMARY
PERFORMED: 0 5 -A P R -1 9 9 0  1 6 : 44
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PARAMETERS
NAME VALUE U N IT NAME VALUE U N IT
WMUD 9 .2 0 0 0 0 LB /G MSEC 1 1 .9 0 0 0 MM/M
SBR 1 . 0 0 0 0 0 OHMM DSEC 7 .8 0 0 0 0 MM/M
PCSL -1 2 0 KEV NFO KALM
CBAR 1 . 0 0 0 0 0 PMUD 0 . 0 %
BS 6 .2 5 0 0 0 IN BHS OPEN
BEFORE SURVEY C A L IB R A T IO N  SUMMARY
PERFORMED: 0 5 -A P R -1 9 9 0  1 6 : 44
PROGRAM F IL E : GTS (V E R S IO N  3 2 . 2 9 0 /0 3 /1 8  8 8 /1 1 /1 6 )
D ITD ELECTRONICS C A L IB R A T IO N  SUMMARY
MEASURED 
ZERO PLUS 
IL D  - .  98  5 3 9 .4
IL M  - 1 . 2 3  5 2 8 .5
S F L  - 2 .  17 5 4 3 .8
IL D  SONDE ERROR CORRECTION 
IL M  SONDE ERROR CORRECTION
CALIBRATED 
ZERO PLUS
0 . 0 5 0 0 . 0
0 . 0 5 0 0 . 0
0 . 0 5 0 0 . 0
7 . 8 MM/M 
1 1 .9  MM/M
UNITS
MM/M
MM/M
MM/M
ZERO: 0 5 - A P R -1 9 9 0  1 6 : 41 PLUS: 0 5 -A P R -1 9 9 0  1 6 : 42  COMP: 0 5 -A P R -1 9 9 0  1 6 : 42
NGTD DETECTOR C A L IB R A T IO N  SUMMARY
NGTD CARTRIDGE NUMBER : 1 8 4 4
NGTD DETECTOR NUMBER : 821
NGTD CALIBRATOR NUMBER : 4 4 0
G S R -U /Y  REFERENCE (G A P I)  : 163
MEASURED
BKGD J IG CALIBRATED UNITS
SGR 25 182 165 G API
MEASURED BEFORE SURVEY
BKG J IG NORM VAL NOMINAL VAL UNITS
WING 8 4 . 0 5 6 0 . 1 4 7 3 . 2 4 9 1 . + / -  2 8 .0 CPS
W2NG 3 4 . 3 3 0 8 . 0 2 7 2 . 0 2 8 2 . + / -  1 9 . 0 CPS
W3NG 1 0 . 9 5 1 . 8 4 0 . 7 4 2 . + / -  4 . 0 CPS
W4NG 2. 6 2 5 . 1 2 2 . 4 2 3 . + / -  2 . 5 CPS
W5NG 2. 4 4 3 . 8 4 1 . 2 4 2 . + / -  4 . 5 CPS
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NGTD DETECTOR NUMBER 
NGTD CALIBRATOR NUMBER 
G S R -U /Y  REFERENCE (G A P I)
MEASURED
821
4 4 0
163
BKGD J IG CALIBRATED UNITS
SGR 25 182 165 G API
MEASURED BEFORE SURVEY
BKG J IG NORM VAL NOMINAL VAL UNITS
WING 8 4 . 0 5 6 0 . 1 4 7 3 . 2 4 9 1 . + / -  2 8 .0 CPS
W2NG 3 4 . 3 3 0 8 . 0 2 7 2 . 0 2 8 2 . + / -  1 9 .0 CPS
W3NG 1 0 . 9 5 1 . 8 4 0 . 7 4 2 . + / -  4 . 0 CPS
W4NG 2. 6 2 5 . 1 2 2 . 4 2 3 . + / -  2 .5 CPS
W5NG 2 . 4 4 3 . 8 4 1 . 2 4 2 . + / -  4 .5 CPS
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1 0 . 1 % 
1 2 6 4 . 2 V 
- .  07 
1 . 77 
1 . 74
BACK: 0 5 -A P R -1 9 9 0  1 6 : 33 J IG :  0 5 -A P R -1 9 9 0  1 6 : 38  COMP: 0 5 -A P R -1 9 9 0  1 6 : 38 
CP 3 2 .2  F IL E  1 0 5 -A P R -1 9 9 0  1 6 : 43
SHOP SUMMARY
PERFORMED: 1 8 -M A R -1 9 9 0  1 4 : 37
PROGRAM F IL E : SHOP (V E R S IO N 3 2 . 2 8 8 /1 2 /0 1  8 8 /1 1 /1 6 )
D IT D ELECTRONICS C A LIB R A T IO N  SUMMARY
IL D
IL M
IL D
IL M
TEST LOOP C A LIB R A T IO N  
MEASURED CALIBRATED
ZERO PLUS ZERO PLUS
- 1 0 .  2 5 3 2 . 1 0 . 0 5 0 0 .0
- 1 4 .  9 5 1 9 . 3 0 . 0  5 0 0 .0
SONDE ERROR CORRECTION : 7 . 8  MM/M
SONDE ERROR CORRECTION : 1 1 .9  MM/ M
TOOL CHECK 
CALIBRATED
ZERO 
0 .  0  
0 .  0
PLUS 
4 9 6 . 7 
4 9 6 . 0
CP 3 2 . 2
( 1 5 :1 1 7 9 ,  IC :  i  1 2 9 )
F IL E  1 1 8 -M A R -1 9 9 0  1 4 : 37
UNITS
MM/M
MM/M
COMPANY L.S.U. 8CHL. FR 147.0 F 
8CHL. TD 163.0 F
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PROGRAM F IL E : SHOP (V E R S IO N  3 2 . 2 8 8 /1 2 /0 1  8 8 /1 1 /1 6 )
D ITD ELECTRONICS C A L IB R A T IO N  SUMMARY
TEST LOOP C A LIB R A T IO N  
MEASURED CALIBRATED
ZERO PLUS ZERO PLUS
IL D  - 1 0 .  2 5 3 2 . 1 0 . 0 5 0 0 .0
IL M  - 1 4 . 9  5 1 9 . 3 0 . 0 5 0 0 .0
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4 9 6 . 7
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8CHL. TD 183.0 F
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Subsurface cross section A - A '
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Subsurface cross section B-B'
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1.4 km
- 0- 1.83 km.85 miles V  1.14 miles
Co. Core Hole #5 Humble O&R Co. Core Hole #4
660FNL, 198FEL 15, 31N-18W
_3.
2.:
SP RES
Humble O&R Co. Core Hole #2 
10, 31N-18W; 2131 FNL, 534 FWL
RES
RES
Skelly M ark
Interval 3
ES 1
Juana I
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3.66 km A  1.5 kmA2.3 miles ir .95 miles
C.M. Sartain #1 B Navajo Amalgam
34, 32N-18W; 410 FNL 2040 FEL 27, 32N-1J
'L
GR RES COND
Skelly Marker
M2 Bentonite
Interval 3 E S 2 M1 Bentonite
E S 1
Juana Lopez
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Amalgamated Pet. Co. #2 Navajo Exploration Drilling Navajo #
27, 32N-18W; 660 FNL, 1980 FWL 23, 32N-18W ; 330 FNL, 1650 F
RES C<
RES COND
Skelly M a rk e r
Intervals 2 & 3
Interval 1
ES 1
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_________  A __ ;__________________1.83 km_____________________ JL________________
^  1.14 miles ~Sr
jloration Drilling Navajo #1 Amalgamated Petroleum Co. Navajo #4
2N-18W ; 330 FNL, 1650 FEL 14, 32N-18W; 1650 FSL, 1710 FEL
RES COND COND
Interval 4
Intervals 2& 3
Juana Lopez
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nated Petroleum Co. Navajo #4 
IN-18W; 1650 FSL, 1710 FEL
Haynes & V.T. Drilling Navajo #2 
10, 32N-18W; 540 FSL 350 FWL
COND GRRES
ES 1
RES COND
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Torrivio C
Lithostratigraphic units from correlation
to outcrop gamma ray at Little Shiprock Wash
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